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Declaration 

Honorable Commissioner of Patents and Trademarks 
Washington, D.C. 20231 
SIR: 

I, Masato HORIE declare that: 

1) I am one of the inventors of the above-identified application, and am 
familiar with the subject matter of said application. 

2) In order to demonstrate the utility of the present invention, the following 
experiments were carried out under my direction and supervision. 

Experimental Data 

Experiment 1. Test of the influence of recombinant NRP1 protein on cranial 
nerve growth activity 

Since the mRNA and protein of NRP1 were observed to be highly 
expressed in the hippocampal region of the brain, this test examined the 
influence of recombinant rat NELL1 protein on survival of primary cultured 
neurons of rat hippocampus. 

The reasons for using rat cells in this experiment are as follows: 

(1) use of human cells raises many ethical problems, but rat cells are free from 
such problems and are readily available; 

(2) although fresh primary cultured cells are most suitable as cells used for 
observing the development and extension of neurites, primary cultured 
human neurons cannot be easily prepared or obtained; and 
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(3) rat NRP1 has a high sequence homology with human NRP1, and therefore 
it can be presumed that the results obtained by using rat cells can be 
adequately extended to humans. 

The DNA sequence of rat NRP1 mRNA is deposited in GenBank under 
accession number U48246, and its CDS (product="protein kinase C-binding 
protein NELL1") has about 93% homology with that of humans (Kang T et al., J. 
Bone and Mineral Research, Vol. 14, No. 1, pp. 80-89 (1999). 

Kang et al., discloses that rat NELL1 has about 93 % homology with 
human NELL1. The "human NELL1" disclosed in Kang et al., means a 
polypeptide having amino acid sequence that is identical with the amino acid 
sequence of SEQ ID NO: 34 of the present invention. 

Accordingly, as shown in Fig.4 of Kang T et al., the amino acid 
sequence of rat NELL1 is highly homologous, i.e., not less than 93%, to SEQ ID 
NO. 34 of the present invention. SEQ ID NO: 34 is encoded by the nucleotide 
sequence of SEQ ID NO: 35. 

1) Reagents etc. used in the test 

• The anti-microtubule-associated protein-2 (MAP-2) mouse monoclonal 
antibody used as a neuron marker was purchased from Sternberger 
Monoclonals Inc. 

• The anti-glial fibrillary acid protein (GFAP) antibody used as an astrocyte 
(nerve glial cells) marker was purchased from Sigma-Aldrich. 

• The basic fibroblast growth factor (bFGF) was purchased from Upstate 
Biotechnology. 

• The water-soluble tetrazolium salt was purchased from Dojindo Laboratories. 

• Cell Counting Kit-8 for WST-8 assay, which contains WST-8 
[2-(2-methoxy-4-nitrophenyl)~3-(4-nitropheyl)-5-(2,4-disulfophenyl)-2H- 
tetrazolium, monosodium salt], was purchased from Dojindo Laboratories. 

2) Production of recombinant rat NRP1 protein (NELL1) 

For production of the C-terminally FLAG-tagged NELL1 protein, a 
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pIZT-mel-NELL-FLC plasmid was constructed by inserting the rat NELL1 cDNA 
linked N-terminally to a mellitin signal peptide sequence and C-terminally to a 
FLAG epitope sequence into baculoviral vector plZTA/5-His (Invitrogen). 

High Five cells (BTI-TN-5B1-4, Trichoplusa nr.) were purchased from 
Invitrogen, and were cultured in High Five Serum-Free Medium (Invitrogen). 

High Five cells were transfected with the plZT-mel-Nell1-FLC plasmid 
using Cellfection (Invitrogen) according to the manufacturer's protocol. 
Forty-eight hours after transfection, cells were selected with 400 pg/mL of Zeocin 
(Invitrogen). The recombinant rat NELL1 protein was purified from the culture 
medium of Zeocin-resistant High Five cells by anion exchange chromatography 
using a UNO Q-6 column (Bio-Rad). 

3) Test method 

3-1) The influence of NRP1 protein on survival of hippocampal cells (WST-8 
assay) 

Primary culturing of rat neurons was performed as follows, according 
to a method described in the literature (K. Abe, et al., "Effect of recombinant 
human basic fibroblast growth factor and its modified protein CS23 on survival of 
primary cultured neurons from various regions of fetal rat brain" Jpn. J. 
Pharmacol., 53, (1990), 221-227): the hippocampus was excised from the 
18-day-old fetal Sprangue-Dawley rat brain, and enzymatically digested with 
0.25% trypsin and 0.002% DNasel at 37°C for 15 minutes to obtain hippocampal 
cells. The obtained hippocampal cells were suspended in 10% FBS-containing 
DMEM medium, and inoculated into a poly-L-lysine-coated 96-well plate at a 
density of 3x1 0 5 cells/cm 2 . On the next day, the medium was replaced with 
non-serum DMEM medium containing 1% N-2 supplements (Invitrogen), and 
culturing was performed for 3 days. 

Neurons cannot survive in non-serum media, and gradually decrease 
in number as the number of days of culturing increases. 

Predetermined amounts (1, 10, 100 or 1000 ng/mL) of NRP1 protein 
(the above purified NELL1) were added to the non-serum medium to continue 
culturing the hippocampal cells, and the survival of the cells after four-day 
culturing was determined by WST-8 assay. 
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3- 2) The influence of NRP1 protein on survival cf hippocampal cells 
(immunostaining) 

Subsequently, the hippocampal cells after four-day culturing (cells 
cultured in the presence of 1000 ng/mLof NRP1 protein), and hippocampal cells 
cultured in a system without NELL1 for comparison (control) were fixed with 4% 
paraformaldehyde for immunohistological staining, permeabilized with 0.1% 
TritonX-100, blocked with 10% goat serum, and then washed with phosphate 
buffer. 

Neurons and nerve glial cells (astrocytes) were identified with 
anti-MAP2 antibody and anti-GFAP antibody, respectively, and counterstained 
with hematoxylin. The staining was visualized using Envision-labeled polymer 

reagent (DAKO) in combination with 3,3'-diaminobenzidinetetrahydrochloride 
reagent. 

4) Results 

4- 1) Results of WST-8 assay 

Attached Fig. A is a graph showing survival (A450/650 nm) of the 
hippocampal cells after four-day culturing at each concentration of NELL1 used. 

The results shown in Fig. A reveal that addition of NELL1 protein 
(purified NELL1) at a concentration of 10 ng/mL or more significantly enhances 
survival of hippocampal cells, compared to survival in the no-addition control 
(p<0.05 vs control for 10ng/ml; p<0.01 vs control for 100ng/ml and 1000ng/ml). 

4-2) Results of immunostaining 

Attached Fig. B is a set of stained images (photographs) of cells 
stained using anti-MAP-2 antibody, which is a neuron marker, and anti-GFAP 
antibody, which is an astrocyte marker. In Fig. B, the photograph on the upper 
left shows control hippocampal cells that were cultured in the absence of NELL1 
and stained using anti-MAP-2 antibody (indicated as "Control (MAP-2)" in the 
figure); the photograph on the lower left shows control hippocampal cells that 
were cultured in the absence of NELL1 and stained using anti-GFAP antibody 
(indicated as "Control (GFAP) M ); the photograph on the upper right shows 
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hippocampal cells that were cultured in the presence of 1000 ng/mL of NELL1 
and stained using anti-MAP-2 antibody (indicated as "NELL1 (MAP-2)" ); and the 
photograph on the lower right shows hippocampal cells that were cultured in the 
presence of 1000 ng/mL of NELL1 and stained using anti-GFAP antibody 
(indicated as "NELL1 (GFAP)"). The bar (— ) in each photograph is 100 jim 
long. 

Fig. B shows that, in the stained images obtained using anti-MAP-2 
antibody, a greater number of stained cells and greater degree of development 
and extension of neurites are observed in the system containing NRP1 protein 
than in the control system containing no NRP1 protein. 

In the stained images obtained using anti-GFAP antibody, there is no 
difference between the system containing NRP1 protein and the system 
containing no NRP1 protein. 

5) Conclusions 

The above experimental results demonstrate that NRP1 protein 
selectively enhances survival of neurons. 

It was also demonstrated that NRP1 protein not only increases the 
survival of neurons, but also develops and extends the length of neurites. 

As is evident from these results, NRP1 protein has nerve growth 

activity. 
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Fig. B 




Photomicrographs of hippocampal cells survived in the presence of NELL1 



E18 rat hippocampal cells were cultured in the presence of 1000 ng/mL of NELL1 for 3 days. The cells were 
stained for MAP2 (neurons) and GFAP(astrocytes). Bar, 100 ^im. 
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I, the undersigned, declare that all statements made herein of my own 
knowledge are true and that all statements made on information and belief are 
believed to be true; and further that these statements were made with the 
knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 

Date: 3/^/^7 rf(&AQ& 

Masato HORIE 
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Human NELL-1 Expressed in Unilateral 
Coronal Synostosis 
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ABSTRACT 

Surgical correction of unilateral coronal synostosis offers a unique opportunity to examine the molecular differ 
enccs between an abnormal and a normal cranial suture. We isolated and identified a cDNA fragment whose 
expression was up-regulated in the premature fusing and fused coronal sutures, as compared with normal coronal 
sutures. The nucleotide sequence of the full-length cDNA of this gene, human NELL-1, has -61% homology with 
the chicken Nel gene. Both chicken Nel and human NELL-1 are comprised of six epiderma] growth factor-like 
repeats. The human NELL-1 messages were localized primarily in the mesenchymal cells and osteoblasts at the 
osteogenic front, along the parasutural bone margins, and within the condensing mesenchymal cells of newly 
formed bone in sites of prernaUn^sutural fusion. Human multiorgan tissue mRNA blot showed that NELL-1 was 
specifically expressed mf^taJbri^but not in fetal kidney, liver, or lung. We also showed that Nell-1 was expressed 
in rat calvarial osteoprogenitor ceils and was largely absent in rat tibiae and fibroblast cell cultures. In conclusion 
our data suggest that the NELl^l gene is preferentially expressed in cranial intramembranous bone and neural 
tissue (both of neural crest cell origin) and is up-regulated during unilateral premature closure of the coronal 
suture. The precise role of this gene is unknown. (J Bone Miner Res 1999;14:80-89) 



INTRODUCTION 

Human cranial scrruRE$ fuse slowly after brain growih 
ceases. The metopic suture closes first at around 2 
years of age. The sagittal, coronal, and lambdoid sutures do 
not fuse until between 20 and 30 years of age. CI) 

Craniosynostosis (CS) is the abnormal development and 
premature obliteration of cranial sutures, resulting in cra- 
nial dysmorphism. This abnormally accelerated sutural fu- 
sion can be secondary to extrinsic fetal factors* e,g.» intra- 
uterine constraint, maternal hematologic, metabolic 
disorders, or specific intrinsic fetal anomalies, either famil- 
ial or sporadic^ 0 

Molecular genetics has revealed the specific defects in 
several autosomal dominant syndromes whose common 



feature is CS. Via linkage analysis/ 23 a point mutation in 
the homeobox gene MSX2 that maps to 5qter was found in 
a single large family with autosomal dominant Boston-type 
CS. (3J MSX2 is expressed along the osteogenic fronts of 
developing cranial sutures. Being involved in the differen- 
tiation of cranial membranous bone and in cartilage and 
mandibular development, MSX2 is believed to be impor- 
tant in regulating craniofacial growth/' 0 Liu and col- 
leagues 1 ^ (1995) engineered the same Msx2 Pro7 His mu- 
tation as found in the Boston»type synostosis in transgenic 
mice; this mutation caused premature sutural closure and 
ectopic cranial bone formation. For the more common 
forms of syndromic and familial CS, the candidate gene 
approach has successfully identified mutations in the fibro- 
blast growth factor receptor (FCFR) family. Mutations in 
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the FCFR2 gene on chromosome 10 cause the autosomal 
dominant eraniosynostotic syndromes of Apert, CrOuzon, 
Jackson- Weiss, and Pfeiffer/ 6 " 113 A second variant of 
Pfciffer syndrome results from a single mutation of the 
FCFR1 gene on chromosome 8. (12) A variant of Crouzon 
syndrome, in association with acanthosis nigricans, is caused 
by a specific mutation Of FCFR3 on chromosome 4. (}3 > An- 
other mutation in FOFR3 has been found in familial coro- 
nal synostosis, previously undesignated by an cponym. 0 * 0 
FGFRs arc members of the tyrosine kinase receptor fam- 
ily, known to play critical roles in signal transduction during 
growth and development.* 15 * Collectively, these results sug- 
gest that homeobox genes, growth factors* and growth fac- 
tor receptors are important in both craniofacial and limb 
development. While genetic linkage analysis and the can- 
didate gene approach are powerful tools to investigate fa- 
milial cases of CS, the majority of patients with CS are 
nonfamilial. 

Unilateral coronal synostosis (UCS; or synoslolic frontal 
plagiocephaly) is a relatively common nonfamilial (spo- 
radic) form of CS, estimated to occur once in every 1 0,000 
btrths. (lt ° It is usually not associated with other extracra- 
niofacial congenital abnormalities and is presumed to only 
involve early closure of one side of the coronal ring. UCS 
infrequently occurs in association with the FGFR3 
Pro250Arg mutations. 0 " 0 UCS can also be expressed in 
Salthrc-Chatzen syndrome, which is caused by mutations of 
the TWASTgene on chromosome 7. f7 - 17 > 

UCS first appears in a small zone in the inferior portion 
of the frontoparietal suture and extends superiorly. 03 Sur- 
gical correction involves a bifrontal craniotomy. This pro- 
cedure offers the opportunity to obtain tissue from' both the 
presumably normal patent (unaffected) coronal suture for 
comparison with biopsies Crom the prematurely fused (in- 
ferior) and fusing (superior) coronal suture on the affected 
side. Histomorphornetric analysis of such specimens shows 
increases of bony remodeling at the prematurely fused su- 
ture sites as compared with contralateral normal patent su- 
tures. The parasutural bone of the prematurely fused su* 
lures is thicker and is populated with more osteoclast -like 
cells. We hypothesized that the pathogenesis of UCS in- 
volves alterations in time- and region -specific gene expres- 
sion. Identification of differential gene expression between 
a prematurely fused/fusing corona) suture and the contra- 
lateral normal patent coronal site should enhance our un- 
derstanding of mechanisms controlling sutural closure. 
There is a well-studied animal model of UCS: naturally 
occurring and autosomal dominant synostostotic in a rabbit 
co)ony. (lS) However, gene expression analysis is very diffi- 
cult due to the limited availability of gene sequences in the 
rabbit. 

In this study, we applied a differential display polymerase 
chain reaction (DD-PCR) protocol to screen and identify 
differences in genetic expression in specimens of prema- 
turely fusing, prematurely fused, and normal patent suture 
sites in humans. We report the identification of a gene, 
human NELL-J, that is up-regulated in (he prematurely 
fusing and fused sutural sites of four different UCS patients. 
The human NELL-1 contains six epidermal growth factor 
(EGF)-like repeats and is homologous to the chicken net 



gene that is strongly expressed in the neural tissue of early 
stage chick embryos.' 19 * The well -con served structure of 
EGF-like repeats and Ca^ binding sequences suggest thai 
NELL may mediate specific ligand-receptor interac- 
tions.^ 



MATERIALS AND METHODS 
DD-PCR analysis 

Sample collection: Four specimens of Sutures were ob- 
tained from an infant with nonfamilial UCS (UCS #1) dur- 
ing craniofacial repair and served as tissue for the initial 
DD-PCR. The biopsies comprised the following: patent co- 
ronal suiure on the normal side (control) (Fig. 1 A): prema- 
turely fusing coronal suture on the affected side (Fig. IB); 
prematurely completely fused coronal suture (Fig. 1C); nor- 
mal patent meiopic suture (control); and normal patent an- 
terior sagittal suture (control). The completely fused coro- 
nal suture sample was solid bone; all the other sutural 
specimens had a margin of surrounding bone (Fig. 2). 
Specimens were frozen in liquid nitrogen and stored at 
-70°C Suture samples were obtained from three additional 
UCS infants during operative correction (UCS #2-4). 

Exrracrion of cellular RNA: Each of the samples was ho- 
mogenized separately and total RNA was extracted by the 
guanidinium isothiocyanade method (RNA isolation kit; 
Invitrogen, San Diego. CA, U.S,A,)- A modified protocol 
previously described for homogenizing calcified tissue was 
used to generate high-quality RNA from calcified bone. (51) 
Differential display: DD-PCR was performed, as previ* 
ously described/ 22,23 * using arbitrary primer sequence sets 
from the RNAimage Kit (GenHunter Corp., Nashville, TN, 
U.S.A.), Reverse transcription (RT) reactions were per- 
formed for each RNA sample. Each tube contained one of 
the four different T 12 MN anchored primers, and 0.2 M-g/fxl 
total RNA was used for each reaction. Mouse murine leu- 
kemia virus (MMLV) reverse transcriptase was added and 
the reaction was carried out at the following temperatures 
and limes; 65°C for 5 minutes for denaturing; 37 D C for 30 
minutes for RT; and 95°C for 5 minutes and chilled on ice 
for quenching. 5' random primers designed by Gcnhunicr, 
taq polymerase, 33 S-dATT\ and dNTP were added. A short 
elongation time of 30 s at 40°C for 40 cycles was used. The 
PCR products were separated on a 6% sequencing gel. 

Isolation of PCR products: Differentially up- or down- 
regulated gene fragments were extracted from the gel and 
reamplificd using the same set of DD-PCR primeis and 
cloned into the pCR™ 2.1 vector using theTA Cloning Kit 
(Invitrogen). Plasmids from positive colonies were purified 
and sequenced. The cDN A sequences were analyzed using 
the Basic Local Alignment Search Tool at the National 
Center for Biotechnology Information. cDNA sequences 
with homology to known growth factors and receptors or 
known cell/tissue differentiation regulatory sequences were 
investigated. 

5' rapid amplification of 5'-cDNA ends of NELL-1 

One microgram of total RNA was converted to first 
strand cDNA using cDNA synthesis primer oligo dT at 
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FIG. 1. Cross-section of bilateral coronal suture sites from a UCS patient. (A) Partially fused coronal suture. The tissue 
near the fusion She is relatively accllular and well organized. Further away from the "fusion, the suiural tissue is more 
cellular and less organized, as indicated by arrows. (B) Normal patent coronal suture. The patent suture site is similar 
histologically to the cellular suture site further away from the fusion in (A). (C) Abnormal fused suture. The suture is 
completely obliterated. Hematoxylin and ciosin staining was used. Original magnification. *10. Sutures arrowed. 



70°C for 2 minutes and 42 P C for J h (Clontech, Palo Alto, 
CA, U.S .A.). Second strand synthesis was performed with 
RNAse H, Esdierichia col: DNA ligase, and E coli DNA 
polymerase at 16°C for 1JS h. T4 DNA polymerase was 
added and incubated at 16°C for 45 minutes. Thereafter, 5 
fj.1 of ds-cDNA was ligated to the 5' cDNA adapter 5'- 
CTA ATA CGACTC ACT ATA GGGCTCG AG C- 
GGCCGCCCGGGCACGT-3' with T4 ligase.The product 
was used for PCR reaction. The 5' primer, API., is a 27-mer 
taken from the cDNA adapter. The 3' sequence specific 
antisense primer was:'5'-CCCGCGTTGTAAATCATG-3', 
The PCR ampiification reactions were performed at 94°C 
for 1 minulc for a single cycle, followed by 30 cycles at 94°C 
for 30 s, 60°C for 30 s, and 68 6 C for 4 minutes 

Nested PCR was performed using 0,1 ml of the PCR 
product for 20 cycles at 94*C for 30 s and 6S°C for 4 min- 
utes. The primers used were AP2 primers, a 23-mer from 
the 3' end of the cDNA adapter, and a 3' specific primer 50 
base pairs (bp) closer to the 5' end. The PCR products were 
analyzed on 1% agarose gels and confirmed by Southern 
blotting using the labeled cDNA clone as a probe. One 
hundred microliters of each PCR product was run on pre- 
parative gels, and appropriate size fragments were ex- 
tracted. The purified products were cloned by the TA clon- 
ing method (Invitrogen). Plasmids were purified and sent 
to the DNA Sequencing Facility at UCLA for complete 
analysis. 



Verification of the NELL-1 gene on four sets of 
unrelated nonfamalial UCS samples by 
sequence-Specific PCR 

The normal coronal sutures served as controls for the 
prematurely fusing coronal sutures. To verify that the hu- 
man NELL-1 gene identified by DD-PCR on UCS #1 was 
present in the other UCS parents (#2, #3. and #4), two 
NELL-] sequence -specific primers for RT-PCR were de- 
signed: 5' primer, GCTACTTGTC AGTGCAAGAGTGG 
and 3' primer, GGaCaGTGTTGGTGCAGATGGC. To- 
la! RNA, 0.4 M-g, was used with 4 p.M oligo(dT) (16-20 
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FIG- 2_ Vertex cranial view: sites of biopsies. 



rncrs) and MMLV RT. <21> Semiquantitative PCRs were 
performed at 20, 25, and 30 cycles of amplification at 94°C 
Tor 30 s, 70°C for 2 minutes, and 72*C for 30 s to approxi- 
mate PCR on the linear amplication range. To compare 
general trends in NELL-1 mRNA expression, autoradio- 
grams were scanned and analyzed on a Macintosh com- 
puter using the public domain National Institutes of Health 
Image proeram- For each specimen, the densitometry value 
was divided by the glyceraldchydc-3-phosphace dehydroge- 
nase (GAPDtf) value (performed at 20 cycles) and normal- 
ized by setting the NELL- J value of the normal patent 
suture to one. Thirty-cycle RT-PCR was repealed three 
times. Means and SDs were calculated. 

Identification of cells expressing NELL- J within the 
suture site using in situ hybridization 

In situ hybridization was performed on paraffin-em- 
bedded UCS Specimens, according to the method of Haya- 
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shi c - J > et al. (1986) with several modifications. Block sec- 
tions of the specimens, measuring 10 mm along the suture 
by 5 mm perpendicular to the suiure without dura, were 
immediately fixed in 4% paraformaldehyde in phosphate- 
buffered saline at pH 7.4 for 2 days at 4°C The specimens 
were transferred to a decalcifying solution (Fisher, Pitts- 
burgh, PA, U.S.A.) containing 0,7 g/1 of EDTA, 8 mg/1 of 
sodium potassium tartrate, 99.2 ml/f of HQ, and 0.14 g/1 of 
sodium tartrate. The specimens remained in the decalcify- 
ing solution for 3-5 days at 4°C; the solution was changed 
every 24 h. After dehydration, the specimens were embed- 
ded in paraffin. Eight-micromctcr sagittal sections were 
prepared and mounted on subbed slides. Twenty-five to 50 
ng of the [ 33 P]dATP radiolabeled cDN A probe was applied 
after thermal denaturation. Sections were dried and coated 
with TJford K.5 nuclear emulsion (Kodak, Eastman, NY, 
U.S.A.). Slides were exposed in a tightly sealed slide box at 
4°C for 10 days. Slides were developed with D19 (Kodak) 
for 4 minutes and fixed with hypofixer for 4 minutes at 
18°C. After counterstaining with Hani's alum-hematoxylin, 
sections were examined with a light microscope. 

Osteogenic cell isolation from newborn 
rat calvariae 

Isolation of osteogenic cells from newborn rat calvariae 
was performed as previously described/ 10) The crania were 
dissected from newborn Spraguc Dawley rats and digested 
in 25 mM HEPES, 10 mM NaHC0 3 , 100 mM NaCl. 60 raM 
mannitol, 3 mM K,HP0 4 , 1 mM CaCU 1 mg/ml of bovine 
serum albumin (fraction V; Sigma Chemical Co., St. Louis, 
MO, U-S-A.), 5 mg/ml of glucose, and 2 mg/ml of collage- 
nase B (Boehringer Mannheim, Indianapolis, IN, U.S.A.) 
at 37°C for 120 minutes. Every 20 minutes, the incubation 
medium was collected and the cells centrifuged at 100$ for 
5 minutes. The cells collected from digestions 4, 5, and 6 
were pooled and plated at 2.5 x IfjVcm 2 ? Minimum essential 
medium with nonessential amino acids, Earie's salts. 10% 
fetal bovine serum (FBS), and penicillin and streptomycin 
(100 U and 10 jig/ml, respectively) was used to maintain the 
cells ai 37°C, 5% C0 2 for 1 day. On the following day. the 
medium was changed for a fresh culture medium containing 
150 u-g/nil of ascorbic acid. After 3, 6, and 9 days, the cells 
were harvested and poly(A) 4 ' RNA was isolated (Fast 
Track Kit; Invitrogen, Austin, TX, U.S.A.)- Ribonucleic 
acid from adult rat tibiae and rat fibroblast ceil cultures 
were extracted as controls. 

Adult rat dorsal dermis tissues were harvested, washed 
with Hank's buffer, and cut into small pieces. The tissues 
were minced and digested with collagenasc (500 U/m; 
Sigma) with gentle shaking for 3 h at 37 P C. An equal 
amount of 0.01% Trypsin was added for 30 minutes. Dis- 
sociation was stopped by adding basal Eagle medium 
(GIBCO Labs, Long Island, NY, U.S.A.) supplemented 
with 10% FBS. After passage through a 15 v nylon mesh 
(Nitex; Tetko, Inc., Elmsford. NY, U.S.A.), ceils were 
counted and seeded at a density of 5 x 10 3 J75 cm 2 tissue 
Ha.sk (Corning Glass Works, Corning, NY, U.S.A.) in basal 
Eagle medium supplemented with 25 mM HEPES buffers, 
penicillin (100 u-g/ml), streptomycin (100 u.g/mi), and 10% 
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3. Differential display of UCS (arrows in lane 2 in- 
dicate the specific band expressed only in the fusing site). 
Lane J , left normal patent coronal suture (superior): lane 2. 
right prematurely fusing coronal suture; lane 3. normal pat- 
ent metopic suture; lane 4, normal patent sagittal suture. 

FBS. Cells were utilised for the experiment after the third 
passage. 

RT-PCR was performed with 0.2 y.g of poly(A)" RNA 
with rat Ner/Z-J-Specific primers: 5' sense primer 5'- 
CTGTGTG G CTCCT A A C A A GTGTG -3 ' and 3' anti- 
sense primer 5'-GGATTCTGGCAATCACAAGCTGTC- 
3' at an annealing temperature of 70*C for 30 cycles. The 
sequence of rat Neil-J homolog was obtained from Gen- 
Bank (accession #U48246). 32 P-Iabeled rat Nell-1 homolog 
oligo probe was used. Ribonucleic acid extracted from adult 
rat tibiae was the control (Trizol; GIBCO BRL, Gaithers- 
burg, MD, U.S.A.). 

Human fetal muhirissue mRNA transfer 
blot analysis 

Human fetal mRNA transfer blot was obtained from 
Clontech, mRNA from human fetal brain, kidney, liver, 
and lung was extracted and purified by several passages 
through an oligo(dT) column. Two micrograms of poly (A)"* 
RNA from these specific tissues was run on a denaturing 
formaldehyde 1.2% agarose gel and blotted onto a posi- 
tively charged membrane (Clontech). A 32 P NELL-1 
cDNA probe was used for hybridization. 



RESULTS 

Differential display of gene expression at different 
suture sites 

The patterns of gene expression in the patent coronal 
sutures (from the normal side) and the patent sagittal and 
metopic suture sites (lanes 1, 4, 3, respectiveiy) were very 
Similar with minor variation in intensity (Fig. 3). This ob- 
servation suggests that gene expression patterns were es- 
sentially identical in all the normal open suture sites. A 
direct comparison between the abnormal fusing coronal su- 
ture site (Fig. 3, lane 2) and normal pa lent coronal suture 
site (Fig. 3 S lane 1) showed similar expression patterns, ex- 
cept for one 360-nucleotide (nr.) band (indicated by arrows 
in fane 2), This band was expressed only in the prematurely 
fusing suture site and was absent from all the normal potent 
suture sites. The experiment was repeated with a consistent 
expression pattern. Thus, this finding suggests a diffcren- 
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NELL - 1 RVCRGHNFC AEGPXC GENSECKNWNTKA 

Rat Nell-1 RVCPGHNFC AEAPKC GENSEC KNWNTXA 

Rat Nc 1 1 - 2 CKDQTMKLVENACJCPALOCP^SHQIAt-SHSCCKVCKGYOFC SEKHTC MENSVC RNLNDRA 
Chic)C6A ftel CKDHKMQRIPKDSCATLKCPESQQIPLSHSCCKICKGHDE CTPGHKfr MRU^y r ^^l lf?pwft 



NELL- 1 TC ECKSGYI 5VQCDSAYC EDIDEC AAKMHYC HANTVC VNLPGLYRC DC VPXGIRVDDFS 

Rat Nell-1 TC£CKNGYISVQGNSA¥CEDIDEC>JLXMHYCHANTVC VNLPGLYRCDC VPCYI RVO0F5 

R3 1 No 11-2 VC SCRDGFRALREDNAYC EDIDEC AEGRHYC RENTMC VNTPGSFLC IC QTGYI RIDDYS 

Chicken ncl V C SC^DGFRALRF.nWAVC E PVDE C RECtOKYCRFWTMCVNTPnSFMC TC KTR V T RTn^Vfi 

NELL-1 CTEHDECGSGQHNCDENAICTNTVQGHSCTCKPGYVGNGTICRAFCEEGCRYGGTCVAP 

fta t Ne 1 1- 1 CTEHD5C GSGQHNC PKNAIC TNTVQGKSCTCQPGYVGNGTIC KAFC EEGC RYGGTC VAP 

Ra t Ne 11-2 C TEHDEC LTNQHNC DENAIC TFTVGGHMC VCKPGYTGNGTJ C KAFC KDGC KNGGAC IAA 

Chicken nel CTEKDEC VTNOHNC DENA IC TFTVGGHNC VC KLGVTGWRTVr KAFC KD GC RNGr.ACTAS 



NELL-1 NKCVCPSGFTGSHCEKDIDECSEG1IECHNMSRCVNLPGWYHCECRSGFHDDGTYSLSG 

Rat Nell-1 HKCVCPSGFTGSHCEKDIDECAEGFVECHNYSRCVNLPGWYHCECRSGPHDDCTV5L5C 

Rat Nell-2 NVCAC PQGFTGPSCETDlDECSEGFVQCD.SRANC INLPGWYHC EC RDGYHDNGMFAPGG 

Chicken nel NYC ftC PQGFTgPSCgTDipjSC SDGFVQCDSRANC INLPGWYHC EC Rdcyhpngmsfpsg 



NELL-1 ESCIDIDECALRTHTCWNDSACINLAGGPOCLCPCCPSCS^DCPKEGCLKKNGQVWTLKE 

Rat Nell-1 ESC rDIDECALRTf?TCWNDSACINLAGGFDCLCPSGPSCSGDCPK£GGLlCHNgQVWILRE 

Rat Nell-2 ESC EDIDECGTGRHSCANDTICFNLOGGYDCRCPHGKNCTGDCVHDGKVKHNGQI WVLEN 

Chieken nel ggcEDiDECATCRHSCANDTvrpwT.nnGYnrRrDyffVHrTftnrTuPnvtvww^T^g^ 



NELL-1 ^RCSvCSdcngKIFCRBTACDCQNPSADLFCCPECDTRVTSQCLtDQNGHKLYRSGDNWTH 
Rat Nell-1 DRCSVCSCKDGK1FCRRTACDCQNPNVDLFCCPECDTRVTSQCLDQSGQKLYRSGDNWTH 
Rat Nell-2 DRC5VCSCQTGFVWCQRMVCDCENPTVDLSCCP£Ct)PRLSSQC LHQNGETVYNSGDTWAQ 
Chicken nel DRCSVCSC0SGYVMCRRMVCDCENPTVDLFCCPECDPRLSSQCLHQSGELSYN$GDSWrO 

• ■ «♦ • * ...... . .... . # , 4 

NELL-1 SCQQCRCLEGEVDCWPLTCPNLSCEYTAILEGECCPRCVSDPCLADNI1-YDIRKTCLDSF 
Rat Ncll-1 SCQQCRCLEGEADCWPLACPSLGCEY^AHFSGECCPRCVSDPCLAGNIAYDIRKTCLDSF 
Rat Nell-2 DCRQCRCLQEEVOCWPLACPEVECEFSVLPENECCPRCVTDPCQADTIRNDITKTCLDEw 
Chicken nel NCQQCRCLQGEVDCWPLFCPEVDCEf 5VLPENECCPRCVTDPCQADTXRNDITKTCLDET 
♦ 

NELL- 1 GVSRLSGSVWTMAGSPCTTCKCKNGRVCCSVDFECLQNN 

Rat Nell-1 GV5RLSGAVWTMAGSPCTTCKCKNGRVCCSVDLEC IENN 

Rat Nell-2 NWRFTGSSWIKHGTECTLCQCKNGKVCCSVDPQCLQEL 

Chieken nel NWRFTGSSWIKHGTECTLCQCXNGHVCCSVDPQCLQEL 



FIG- 4, CLUSTAL translation of human NELL-1 to rodent {Rattus non>egious) Nell-], Nell-2 senes, and chicken nel 
scnc Six conserved cysteines in each EGF-like repeat shown in bold. EGF-like repeats de$ignaied*by underlined regions. 
Double-underlined region represents the deleted EGF repeat in the splicing variant, (•) Conserved amino acids between 
four sequences. Human NELL-1 versus rat Neil-1, rat Nell-2, and chicken nel has ML 61, and 60% homology in amino 
acids, respectively. Rat NelM versus rat Nell-2 has 59% homology. ~* 



lially expressed genetic fragment may be associated with 
premature suturai closure. 

The Basic Local Alignment Search Tool analysis of the 
overexpressed 360-nt gene fragment from the fusing coro- 
nal suture showed high homology to rat Net homolog and io 
molecules with EGF-like repeats, such as transforming 
growth factor-p nucleotide sequence at the 3' untranslated 
region and the notch gene in Drosophi]a. (W) 



Cloning the human NELL-1 from 
differential display 

The human NEL homolog partial cDNA, of 1800 bp, was 
isolated by 5' Rapid Amplification of cDNA Ends (RACE) 
(Marathon cDNA Amplification Kit, Clontech, Palo Alio. 



CA, U.S.A.). The sequence was deposited into the Gen- 
Bank database with accession #U57523, This bg»cl was also 
simultaneously identifi ed by ^tanabe^et L j[. (2e) yknd was 
named human NELL-L ~ ~" 

Other yV£L-related molecules have been identified by 
studies in mouse (accession #U59230), rat (accession 
SU48246), and human. (3fi > NELL-1 contains six EGF-like 
repeats, as in the rat, mouse, and chicken Nel homolog 
nucleotide sequence, and shares high homology in the 
translated amino acids (59-93%). At the 3' end of the tran- 
script, a polyadenylation consensual sequence AAUAAA 
was found in our human sequence/ 27 * The A/ELL-rclated 
molecules are highly conserved in cysteine-rich domains 
(von Willebrand factor-like repeats with 6 Cysj (Fig. 4). 

In addition to the six EGF-like repeats at the carboxy 
end of the gene, NELL- 3 contains a highly hydrophobic 
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FIG. 5. Histogram of relative intensity of human NELL-1 in nonsyndromic UCS samples. For each specimen RT-PCR 
quantitations normalised with GAPDH values and divided by intensity of contralateral normal coronal suture. 



region at the amino terminus that could represent a signal 
peptide sequence. 



Fig. 6, appeared to be condensing mesenchymal cells and 
osxeoblast-likc cells. 



Expression of human NELL-1 in three additional 
sets of prematurely fusing/fused coronal samples 

Human NELL-1 -specific PCR products began to appear 
radiographically after a 24 h exposure with 30 cycles but not 
with 20 and 25 cycles. Therefore. 30 cycles was most likely 
to be within the linear amplication range/ 285 For GAPDH, 
hybridization was observed starting with 20 cycles. There- 
fore. 20 cycles was likely to be within the linear range of 
amplification. Thirty NELL-1 PCR cycles were divided bv 
20 GAPDH PCR cycles. Approximately a 4-fold increase 
of NELL-1 expression was estimated in most of the fusing 
and/or fused coronal sutures, in comparison with the con- 
tralateral normal patent coronal sutures (Fig. 5). This quan- 
titative difference in NELL-1 expression suggests that 
NELL-1 manifests in cranial sutures undergoing active su- 
ture fusion, and, furthermore, that the expression of 
NELL-1 expression is temporally accelerated in the prema- 
turely fusing/fused coronal suture sites. 



In sirn hybridization 

In situ hybridisation of NELL-1 in prematurely fused 
coronal sutures showed expression of NELL-1 in suture 
fusion and bony remodeling. In the prematurely fusing 
UCS specimens* NELL-1 was mainly expressed in the cells 
around the newly formed osteoid tissue undergoing active 
bone formation (Fig. 6). NELL-1 was also expressed in 
those osteoprogeriiior cells located closely along the mar- 
gins of cnlvaria) bone undergoing active bone formation 
(suture fusion). The predominant cellular type, as seen in 



Osteoprogenitor cell culture 

The expected sequence-specific PCR product of 444 bp 
was present in the osteogenic cells of newborn rat calvariae 
and absent from tibiae and fibroblast cell culture (Fig. 7). 
Therefore, it is highly probable that the osteoblast in new- 
born rat calvariae (neural crest origin) is the major source 
Of the Nell-1 molecules and not fibroblasts. A second band 
of -350 bp size was observed in the day 3 cell culture. This 
lower size product was cloned, sequenced, and confirmed zo 
be a rat Nell-1 variant. The nucleotide sequence was exactly 
the same as rat Nell-1. except thar amino acids 550-596. 
which represent the fifth EGF repeat with the amino acid 
sequence, DIDE Ca 24 - binding site, was completely deleted 
in comparison with rat Nell-1. Ii may represent a splicing 
variant. 



Hum- n fetal multitissue mRNA transfer 
blot analysis 

A NELL-1 probe was hybridized to 3,4-3.6 kb transcripts 
in brain, but not to mRNA from, kidney, liver, or lung (Fig. 
8). Multiple bands were observed. This could represent 
cross hybridization to the human NELL-1 gene. 

DISCUSSION 

Linkage analysis has Served to identify the primary ger- 
mlinc mutations in most of the well-known autosomal dom- 
inant CS. It is possible that a somatic mutation may be the 
cause for nonsyndromic UCS. Using DD-PCR, we idemi- 
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FIG. 6. In situ hybridization of human NELL-1 in prematurely fusing/fused suture sites of nonsyndromic UCS. Letter 
''IT indicates cranial bone edge of fusing site. Letter v *0" indicates newlv formed osteoid. (A) Stents present newly 
formed osteoid (black arrows). Magnification, *200. (B) Dark fieJd of (A)' Bright white rim around osteoid represents 
signals (white arrows). Signals also present near margins of actively fusing area (red arrows). (C) Hematoxylin siained. 
Magnification. x400. 



fled and isolated the human NELL-1 gene and found it to 
be preferentially expressed ai premature fusing and fused 
coronal suture sites in human UCS. We demonstrated that 
DD-PCR can be applied to identify genes up or down- 
regulated in this common type of unilateral human CS. The 
identification of these components may contribute to un- 
derstanding the molecular cascades that produce the UCS 
phenotype. Because there are no extracraniofacial anoma- 
lies, the molecular genetic alterations observed in nonsyn- 
dromic UCS are likely to be due to local effectors of suture 
closure rather than a molecule with broad expression in 
other tissues such as MSX2 or FGFR. In this report, we 
identified the NELL-1 gene, which seems to be expressed 
in a tissue- and time-specific fashion. 

The Net molecule to be identified was found in fowl, from 
a 9-day-oId chick embryo cDNA library. 09 - 29 * Chicken Nel 
is 4.5 kb and encodes for a 816 amino acid 91 kDa protein. 
There is a distinct temporal and spatial sequence in the 
expression of nel in the developing chick embryo, as it first 
appears in neural tissues such as brain, spinal cord, and 



dorsal root ganglia. In tissues of ihe developing chick limb. 
A ; e/ appears later and diminishes after gestation. 

We identified the partial sequence (1S00 nt) of human 
NELL-1 encoding for 421 amino acid from the carboxy- 
terminaj end of the gene. The full length of the human 
NELL-1 molecule was simultaneously isolated, as well as 
another full-length cDNA sequence with high homology lo 
the NELL-1 molecule, from human fetal brain, termed 
NELL-2 by Waianabc. (26> NELL-2 and NELL-1 are 816 
amino acids and S10 amino acids, respectively. (26> 

In addition to the six EGF-like repeats at the carboxy! 
end of the gene, NELL-1 contains a highly hydrophobic 
region at the amino terminus that may represent a signal 
peptide sequence deduced from computer analysis 
(Patscan; Pedro's Tool, Iowa State University). Actual ex- 
perimental protein analysis by Dr. Kuroda (unpublished 
data) of NELL-1 and NELL-2 showed that NELUNel- 
relaied proteins have a cleavable signal peptide on the N- 
terminai and N-iinked carbohydrate moiety (about 50 kDa 
each). Furthermore, Nell-1 protein is secreted and forms 
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FIG, J. RT-PCR of rat calvarial osteogenic cell culture (3-, 
6-, and 9-day cultures), rat tibia, and fibroblast cell culture. 



high molecular weight structures (MW > 400 kDa; mono- 
mer size is 130 kDa). The secreted proteins, Nell-1 and 
Nell-2, do not effectively bind to the known EGF receptors 
(EGFR, HeregulhnR. BctacellulinR, and HB-EGFR), sug- 
gesting that other receptors probably exist (unpublished 
data). 

Important roles for EGF-like molecules, such as 
Delta,™ /Vo/c/i, (25>31) and Reeled in growth and devel- 
opment are well documented. Undcrexpression of Re&ler 
molecules causes Reeler syndrome, which is characterized 
by tremors, dystonia, and ataxia. In addition, other EGF- 
like molecules, such as tcnascin and fibrillin, serve as extra- 
cellular matrix and cell adhesion molecules. Mutations in 
fibrillin cause Marfan syndrome manifested as ocular, car* 
diovascwJar, and musculoskeletal anomalies/ 3 *- 34 * 

The highly conserved nature of Nel-re)ated molecules 
(Fig. 4) and the identification of Nel family members within 
Species imply the existence of a unique type of ligand- 
signaling molecules. Even though the specific biological ef- 
fects of the Nel -related molecules are currently unknown* 
their well-conserved structure, and the temporally and spa- 
tially localized expression patterns during development, 
suggest important roles during embryogenesis. We believe 
this is the first report to associate Ncl-rclated molecules 
with a human developmental anomaly, 

NELL-1 PCR product was not detected in normal site in 
the DD-PCR experiment, while in the primer-specific RT- 
PCR experiment, the NELL-1 PCR product was detected 
in the normal site with approximately one quarter intensity 
as compared with the fusing site. It may be because that 
DD-PCR uses arbitrarily 13 oligonucleotides as primers to 
randomly amplify cDNA fragments. Therefore, the sensi- 
tivity to detect NELL-1 is not as specific and sensitive as 
primcr-spccific PCR. Primer-specific PCR is a more accu- 
rate way to semiquantitate cDNAs. From our primer- 
specific RT-PCR result, the NELL-1 expression pattern 
was consistently low in all patent sutures, as compared with 
that in fusing and fused coronal sites. It was markedly up- 
regulated in prematurely fusing and fused unilateral coro- 
nal sutures and down-regulated or absent in patent normal 
coronal sutures sampled from UCS infants. In addition, 
NELL-1 was specifically expressed by osteoblast and mes- 
enchymal cells around the newly formed osteoid and within 
the abnormally fusing and recently fused sutures. Thus, the 
expression of NELL-1 corresponded, both temporally and 
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FIG. 8. Fetal multiple organs mRNA analysis. Human 
NELL-) expressed mainly in the fetal brain tissue as indi- 
cated by arrow. 

Spatially, to sites of abnormal sutural fusion in UCS. This 
suggests an important role for NELL-] during sutural clo- 
sure and intramembranous bone formation. Additional 
specimens of cranial sutures from patients with sagittal syn- 
ostosis and pansynostosis were investigated with RT-PCR 
for NELL'l expression. NELL-1 was overexpressed in 
most of the abnormally fusing sutures and the recently 
fused human sutures. However, NELL-1 expression levels 
were significantly lower in the quiescent norma) patent su- 
tures sampled from all other craniosynostotic patients (un- 
published data). This quantitative difference in NELL-J 
expression suggests that a cranial suture, undergoing active 
or recently active bone formation/remodeling, is not unique 
to UCS. Furthermore, it is likely that there are more up- 
stream regulatory molecules than NELL-1 in the molecular 
pathogenesis of UCS. 

The sutures ar the edge of the calvarial plates have an 
osteogenic front comprised of actively dividing cells. In gen- 
eral, Ihe cell population is believed to be mainly osteoblas- 
tic in origin and responsible for bone growth. (33 > The local- 
ization of NELL-1 to human CS suture mesenchymal cells, 
the presence of osteoblastoid ceils at the osteogenic front, 
and localization of rat Nell-1 ortholog to rat osteoprogeni- 
tor cells suggests that NELL-1 and the rodent ortholog are 
important during intramembranous bone formation. There 
is additional evidence in the observation that rat Ndl-1 or- 
tholog expression was absent in rat tibia, which is primarily 
composed of endochondral bone and cartilage. Thus, Nell-1 
may be a molecule that is differentially expressed in cra- 
niofacial intramembranous bone but not in endochondral 
bone. 

Last, a multiorgan tissue mRNA blot showed that 
NELL-1 is preferentially expressed in specific tissues, i.e., 
human fetal brain and not in fetal, kidney, liver, or lung. 
Netl-1 was absent from rat fibroblast cell culture, Because 
NELL-1 is preferentially expressed in neural structures and 
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in developing/remodeling intramembranous bone, it may 
play a role in ihc development of neural and skeletal struc- 
tures during craniofacial growth. Interestingly, both CNS 
cells and craniofacial membranous bone cells arise from 
neural crest In addition, it is known thai dura mater and 
suture interactions can directly determine suture fusion, 
presumably through a signaling JigancL C34 ' 35 > Perhaps there 
is an expanded signal pathway consisting of brain, dura 
mater, and sutures with Nel-related molecules playing a 
role in this cascade. 

In conclusion, NELL-1 and its related molecules may 
represent a new class of proteins involved in growth and 
development. The presence of EGF-Hke repeats and its se- 
cretory nature, suggests that NELL-1 is a ligand-type mol- 
ecule with potential cell membrane receptors. This study 
documented increased expressions of NELL-I in intra- 
membranous bone formation and in the pathological entity 
of premature UC$. To the best of our knowledge, this is the 
first report using differential display of human tissue speci- 
mens to isolate a gene associated with a pathologic process. 
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From a human fetal-brain cDNA library we isolated 
two novel genes encoding peptides containing six 
EGF-like repeats. Both showed significant homologies 
with nel, a gene strongly expressed in neural tissues 
of chicken. The cDNAs, designated NELLl (nel-like, 
type 1) and NELL2 (nel-like, type 2), contained open 
reading frames encoding 810 and 816 amino acids, re- 
spectively. NETJ . 2 is strongly expressed in braid of 
adult and fetus but only weakly in fetal kidney. NELLl 
and NELL2 were mapped by FISH to chromosomal 
bands Ilpl5-l-pl5.2 and 12ql3.ll-qlS.12, respec- 
tively* © 1806 Academic Frvtre, Inc. 



INTRODUCTION 

EGF-like repeats have been found in many membrane 
proteins and in secreted proteins related to growth regu- 
lation and differentiation. Recently the gene encoding 
nel, a novel protein containing five EGF-like repeats, was 
cloned from a chick embryonic cDNA library (Matsuhashi 
et oL, 1995); the product appeared to he a transmembrane 
molecule, with its EGF-like repeats in the extracellular 
domain. The 4.5-kb transcript was expressed in various 
tissues at the embryonic stage and exclusively in brain 
and retina after hatching. Although the function of nel 
was unknown, its discoverers speculated that it might 
function as a receptor or a ligand in a neuron-specific 
signaling-pathway. 

In this paper we report primary structures, expres- 
sion patterns and chromosomal localizations of two 

Sequence data from this article have been deposited with the Gen- 
Bank/EMBL Data Libraries under Accession Nos. DSS017 and 
D83018, 

1 These two authors contributed equally to this work. 
a To whom correspondence and reprint requests should be ad- 
dressed. Telephone: +81-886-65-2883. Fax: +81-886-37-1035. 



novel human genes, both of them homologous with nel, 
which encode peptides containing six EGF-like repeats. 

MATERIALS AND METHODS 

Cloning cud DNA sequencing. As a part of the Human Genome 
Project, we have been determining the nucleotide Sequences of cDNA 
clones randomly selected from a human fetal brain, aorta, and pla- 
centa cDNA library. The analyse* are routinely performed in the 
manner described elsewhere (Watanabe et ol., 1996a). 

5 r RACE (5 f Rapid Amplification ofcDNA £nd$). 5' RACE has 
been applied in the experiments reported here according to the man- 
ufacturer's protocol (5'-AmpI£Finder RACE kit; Clontech) with slight 
modifications that we have described elsewhere (Watanabe et al 
1996a). 

Northern blot analysis. Northern blot analysis was carried out 
with human multiple tissue Northern blots (Clontech) according to 
the manufacturer* instructions. The entire sequences of the cloned 
cDNAs were labeled and used as probes. The blots were prehybrid- 
ized hybridized, and washed in the manner described elsewhere 
(Watanabe et aL f 1996a). The blot of NELLl was exposed at -80*0 
for 3 days. The filter of NELL2 was exposed for 18 h. 

ir^ m l c ^ and eh™™™™* localization by direct R-banding 
FISH. The precise methods for cosmid cloning have been described 
elsewhere (Watanabe el al, 3.996a). The pairs of primers to screen 
cosnnds of NELLl were C3 (S'-CCCGTGTTGTAAATCATGTT) and 
C4 (5'-AAAAGTCACAACAGGCAACTT). The primers for NELL2 
were Cl (5 '-TTAAATTGGGTGATTTGTGG-3' ) and C2 (5'-CCATTC- 
TTCTACATGGTGAT'3'3. Independent clones obtained in this way 
were used for mapping by direct R-bandin & fluorescence in situ hy- 
brioW^n (FISH), a technique based on FISH combined with repli- 
^rl? rom . etaphase K " bands CTakahashi et al, 1990, 1991). Provia 
100 film (Fuji ISO100) was used for the microphotography (filter 
combinations. Nikon B-2A and B-2E), 

RESULTS 

Cloning and DNA Sequencing of NELLl and NELL2 
By examining databases, we found that two human 
S?AS° neS ' GEN ^73E07 (NELLl) and GEN-093EG5 
(NELL2), revealed significant homologies with neL 
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Since these clones seemed to lack their 5' portions com- 
pared to the chick cDNA, we applied the technique of 
5' RACE (Frohman et al, 1988) to isolate the missing 
segments. By performing several 5' RACE experi- 
ments, we were able to obtain the entire coding se- 
quences of these genes. In each step several indepen- 
dent clones were sequenced to exclude misincorpora- 
tions by the Taq polymerase. Total lengths of the 
NELL1 and NELL2 cDNAs appeared to be 2977 and 
3198 bp, respectively (data not shown). To exclude the 
possibility that either of these composite sequences was 
chimeric, we performed RT-PCR analyses. The entire 
coding sequences were amplified and proved to be iden- 
tical with the sequences we had established. The nucle- 
otide sequences of both genes will appear in the GSDB, 
DDBJ, EMBL and NCBl nucleotide sequence data- 
bases under Accession Nos. D83017 (NELLl) and 
D83018 (NELL2), 

Characterization of Putative Peptides of NELLl 
and NELL2 

The deduced NELLl and NELL2 gene products both 
exhibited highly hydrophobic N-termini that could 
function as signal peptides for membrane insertion. In 
contrast to nel, neither seemed to possess a hydropho- 
bic transmembrane domain. To evaluate the conserved 
domains precisely, we performed multiple alignments 
among the NELLl, NELL2, and nel peptides (Fig. 1). 
NELL2 was more closely related to nel (80% identity 
at the amino acid level) than NELLl (50% identity). 
Cysteine residues within Cys-rich domains and EGP- 
Kke repeats were completely conserved. The most strik- 
ing difference between the NELLs and the chick pro- 
tein was that the human homologues lacked nel's puta- 
tive transmembrane domain, although even in this re- 
gion the nucleotide sequences of NELLs and nel were 
very similar (see Discussion). Both NELLs possessed 
six EGP-like repeats, whereas nel has only five. Other 
unique motifs of nel reported by Matsuhashi et al 
(1995) were also found in the NELLs, at equivalent 
positions (Fig. 1). 

Expression of NELLs in Human Tissues 

The expression patterns of the two NE LLs in eight 
adult and four fetal human tissues were assessed by 
Northern blotting (Fig. 2). A single 3,5-kb transcript of 
NELLl seemed to be very weakly expressed in brain 
and kidney of fetus and adult (data not shown). A 3.6- 
kb transcript of NELL2 was expressed strongly only in 
brain from fetus and adult, although weak expression 
could be detected in fetal kidney. 

Cosmid Cloning and Mapping of NELLs by FISft 

We obtained cosmids corresponding to NELLl and 
NELL2. By amplifying and sequencing fragments 
corresponding to the 3' noncoding regions of each 
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FXG- 1. Multiple alignments among NELLl, NELL2, and nel. 
Asterisks indicate residues conserved among all three proteins. Dots 
denote the residues conserved between two of the three proteins 
(most of these arc conserved between nel and NELL2). Ca, calcium 
binding domains. 

NELL, we confirmed that the cosmids were genomic 
clones corresponding to the respective NELL cDNAs. 
We performed direct R-banding- FISH with these cos- 
mids in two independent experiments; the signals 
localized NELLl to chromosome Ilpl5.1-pl5.2 and 
NELL2 to 12ql3.11-ql3.12 (Fig. 3). Specific labeling 
was observed on two chromatids (20 metaphases for 
NELLl and 25 for NELL2), three chromatids (25 and 
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19 metaphaees), or four chromatids (39 and 35 meta- 
phases) among 100 metaphase spreads examined. No 
signal was observed at any other site. 

DISCUSSION 

Our large-scale sequencing and mapping approach 
identified two novel human genes (NELLl and NELL2) 
closely related to the nel gene of chick embryo. At the 
nucleotide level overall identities with nel were about 
57 and 75%, respectively. In cross species hybridization 
experiments using chicken nel as the probe, Matsu- 
hashi et al (1995) had failed to detect any bands in 



lanes containing human or Xe?iopu$ DNA. However, we 
ourselves tried cross species Southern hybridizations 
between human and mouse using part of NELL2 as 
the probe. After a relatively stringent wash, clear 
bands were detectable (data not shown), which sug- 
gested that NELL2 was highly conserved between hu- 
man and mouse. We failed to detect a clear signal for 
NELLl under the same conditions. 

The predicted peptides of the two NELLs do not pos- 
sess structures indicative of integral membrane pro- 
teins (since they seem to have no transmembrane do- 
mains), but they might be secreted proteins or proteins 
anchored to membranes by posttranslational modifica^ 



276 WATANA 

tion. We speculate that NELLs might function as li- 
gands by stimulating other molecules such as EGP re- 
ceptors. As to the existence of an apparent transmem- 
brane domain in nel, Matsuhashi et at (pers, comm., 
August, 1996, Naga, Japan) nodced that the nucleotide 
sequence they reported at first, which included a poten~ 
tial transmembrane domain, was slightly different 
from the sequences determined later by independent 
PCR and sequencing experiments. Moreover, we found 
that an "extra* EGF-like repeat could occur in nel by 
frame-shifting in this region (not shown). When 
aligned, the frame-shifted sequence showed overall 
similarity between nel and NELL2, which suggested 
that NELLS might be nel's human counterpart. In con- 
trast, the relationship between NELLl and nel was 
somewhat more distant. At this time we cannot exclude 
the possibility that two types of nel (membrane-inte- 
grated and secreted) might exist. 

Expression patterns of the two human genes in sev- 
eral tissues were similar in fetus but distinct in adult. 
NELLl seemed to be expressed very weakly in brain 
and kidney from fetus and adult. This very weak ex- 
pression, which made it difficult to assess NELLl ex- 
pression, might mean that only a small specific popula- 
tion of cells expressed this gene, as was the case with 
reelin (Hirotsune et aL, 1995). NELL2 was expressed 
strongly in brain and weakly in fetal kidney. As for a 
smaller band (0.8 kb) observed in fetal liver, we tried 
to confirm whether it was derived from the same genes 
as NELL2 or from a closely related, unknown gene. 
RT-PCR analysis with seven pairs of primers designed 
to amplify parts of NELL2 cDNA detected PCR prod- 
ucts with expected size from human fetal brain, but 
not from a fetal liver cDNA library (data not shown). 
This result implies that this smaller transcript might 
be derived from a gene distinct from but closely related 
to NELL2. The expression pattern and putative se- 
quence imply that they might function as signaling 
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molecules in brain and other tissues. To Btudy these 
possibilities functional analyses are in progress. 
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Craniosynostosis in transgenic mice over expressing Nell-1 
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Previously, we reported NELL-1 as a novel molecule: overexpressed during premature cranial sutu re 
closure in patients with craniosynostosis (CS) , one of the most common congenital craniofacial 
deformities. Here we describe the creation and analysis of transgenic mice overexpressing Nell-1 >Nell- 
1 transgenic animals exhibited CS-like phenotypes that ranged from simple to compound synostoses. 
Histologically, the osteogenic fronts of abnormally closing/closed sutures in these animals revealed 
calvarial overgrowth and overlap along with increased osteoblast differentiation and reduced ceil 
proliferation. Furthermore, anomalies were restricted to calvarial bone, despite generalized, non-tis- 
sue-specific overexpression of Nell-1 . In vitro, Nell-1 overexpression accelerated calvarial osteoblast 
differentiation and mineralization under normal culture conditions. Moreover, Nell-1 overexpression 
in osteoblasts was sufficient to promote alkaline phosphatase expression and micronodule forma- 
tion. Conversely, downregularion of Nell-1 inhibited osteoblast differentiation in vitro. In summa- 
ry, Nell-1 overexpression induced calvarial overgrowth resulting in premature suture closure in a 
rodent model. Nell-1^ therefore, has a novel role in CS development, perhaps as part of a complex 
chain of events resulting in premature suture closure. On a cellular level, Nell-1 expression may mod- 
ulate and be both sufficient and requited for osteoblast differentiation. 

J, Clin. Invest 110:861-870 (2002). doi:10.1172/ja2002 15375. 



Introduction 

Craniosynostosis (CS), the premature closure of cranial 
sutures, affects 1 in 3,000 infants and therefore is one 
of the most common human congenital craniofacial 
deformides (1). Premature suture closure, which results 
in cranial dysmorphism, can be either familial or spo- 
radic in origin (1). Neither gender nor ethnicity can be 
used co predict which infants will be affected. Although 
generic linkage analyses of CS-related syndromes have 
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provided a wealth of new information about the molec- ■ 
ular control of suture formation, the biology of local 
suture closure, especially in nonsyndromic, nonfamil- 
ial CS, is still largely unknown. 

Presently, more than 85 human mu cations, which 
produce various familial CS syndromes, have been 
localised to the FGF receptor genes FGFRlj FGFR2, 
and FGFR3. All are "gain-of-function'' mutations that 
result in increased receptor activity (1). No human CS 
syndromes have been linked to the FGF ligands; how- 
ever, several animal models of CS have been associat- 
ed with FGF overexpression (2, 3). The only described 
MSX2 mutation associated with CS (4) also results in 
increased MSX2 activity (5-7). While these candidate 
genes ace known to play important roles in osteoblast 
proliferation and differentiation, they also have more 
generalized roles during embryo genes is. Thus, ic is 
not surprising that transgenic mouse models with 
mutations in these genes often manifesc excracranial 
abnormalities not observed in che majority of 
patients with CS (1, 2, 8), 
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I Premature suture closure in human CS can be divid- 
ed inco cwo possibly distinct processes: caivarial over- 
growdi arid bony fusion. While calvariai overgrowth 
may be essential to bringing the cwo opposing 
osteogenic fronts into proximity in order co induce 
bony fusion, it does not necessarily follow chat caivari- 
al -overgrowth or overlap alone will resale in bony 
fusion. Thus, the study of premature suture closure 
mechanisms muse include study of both abnormal 
, o suture overgrowth/overlap and bony fusion (6). 

Recently, FGF2 and FGFR1 have been implicated in 
premature cranial suture fusion via CBFA1 -mediated 
pathways (8). Missense mutation of CBFA1 is linked to 
cleidocranial dysplasia, manifested as delayed suture 
closure (9). Therefore, examination oECbfal (Runx2), a 
downstream target aEFgfrl that is essential for bone 
formation, may be key to understanding the signaling 
cascade in CS. In addition, Msx2> a member of the high- 
ly conserved Ms* homeobox gene family with 
1 o pleiotropic effects in development, has been implicat- 
ed in an animal model of CS (5, 6). Specifically, 
increased osteogenic cell proliferation has been pro- 
posed as a mechanism for premature suture closure in 
M*r2-overexpressing transgenic mice, which exhibit 
suture overgrowth/overlap without suture fusion. 

To elucidate the molecular pathway for suture closure, 
we previously- used differential display to identify genes 
that were specifically upregulated within abnormally 
fused sutures in patients with nonfamilial, nonsyn- 
Z o dromic CS. We isolated and characterized NELL-1, which 
is a Nel-like, type 1 molecule (a protein strongly expressed 
in neural tissue, encoding an EGF-like domain) (10- 12). 
Nell-1 is asecreted protein. Stmcnirally, NeU-1 encodes a 
secrecory signal peptide sequence, an NH 2 -cerminaI 
thrombospondin- I-like module, five von Willebrand fac- 
tor-like repeats with six cysteine residues, and six EGF- 
like domains. is also highly conserved across 
Species,For example, 93% amino acid sequence homolo- 
gy exists between rat Neil-l and human NELL-1~ "~ 
6 NeU-1 encodes a polypeptide with a molecular weight 
of 90 kDa. When overexposed in COS cells, the glyco- 
sylated form is N-linked to a 50-kDa carbohydrate moi- 
ety in eukaryocic cells to generate the 140-kDa form 
found in the cytoplasm. This 140-kDa protein is fur- 
ther processed to a 130-fcDa protein. The NeU-1 protein 
is secreted as a trimeric form with a high molecular 
weight (approximately 400 kDa) (13, 14). 

Initial studies have suggested thatNEZZ-i is preferen* 
dally expressed in the craniofacial region of caivarial tis- 
sues (12-14). Premature suture closure in CS patients is 
remarkable for the degree of NBLL-1 overexpression by 
osteoblast-like cells in osteogenic areas (12). Although 
NELL-1 overexpression and premature suture closure may 
be cointidencal findings, our data suggest that NELL-1 
may be a local regulatory factor in cranial suture closure. 

In this Study, we further verified that Nell-1 has a role in 
CS. We created a transgenic mouse model exhibiting gen- 
eralized Nell-1 overexpression NeU-1 transgenic animals 
share many of the same features as humans with CS. They 



demonstrate caivarial overgrowth/overlap and premature 
suture closure. I nfection of osteoblasts with Nell-1 aden- 
oviral constructs showed that Nell-1 promotes and accel- 
erates differentiation in osteoblast lineage cells. I n addi- 
tion, NelH downregiilation inhibited osteoblast differen- 
tiation Nell-1, therefore, represents a candidate gene for 
producing cranial suture closure and provides new 
insights in the study of CS and craniofacial development 



Methods 

Preparation of transgenic mice overexpressmg Nell-1. Rat 
NeU-1 cONA was subcloned from pTM-70 (13, 14) into 
pCDNAl.i (Invitrogen, Carlsbad, California, USA), 
which uses a CMV promoter and an SV40 polyadeny- 
lation site. The recombinant plasmid was first trans- 
acted into MC3T3 cells (a mouse caivarial cell line) to 
verify proper protein expression (data not shown). The 
4.76-kb ONA fragment containing the CMV promoter, 
Nell-1 cDNA, and the SV40 polyadenylation site was 
then used for microinjection of oocytes. B6C3 mice 
were used to generate transgenic mice using standard 
protocols (IS). The founders were mated with their 
nontransgenic littermates co set up transgenic lines. 

Analysis oftransgm* copy number. Transgene copy nunv 
bers were estimated by PCR and Southern blot analy- 
sis. The PCR protocol of establishing transgene copy 
number was obtained at http://www.med-urnich.edu/ 
camc/spike.html (16). The mass of transgene ONA per 
5 ug genomic DNA was calculated as N bp transgene 
DNA/3 x 10* genomic DNA, based on the assumption 
thac the haploid concent of a mammalian genome is 
3 x 10 9 bp and that it takes 10 ug DNA to spike. The 
size of the insert is 4.76 kb, and the one-copy standard 
is 7.933 pg per 10 ug genomic DNA. Thirty cycles of 
PCR were performed and produces were separated on 
electrophoresis gels widi ethidium bromide. The inten- 
sities were calculated using Eagle £ye II (Stratagene, La 
Jolla, California, USA), 

Immunohistocbemistry. Detailed preparation of Nell-1 
antibody has been documented by Kurodaet al. (13, 14). 
The antibody recognizes the COOH-terrrunal region of 
Neil-1 (CS VDLECIENN) , The specificity of the antibody 
was confirmed by Wescern blot using protein extracted 
from NeU, J-transfected NIH3T3 cells. A standard avidin- 
biotin complex/immunoperoxidase protocol (Vector 
Elite Kir; Vector Laboratories Inc., BurKngame, Califor- 
nia, USA) was used wich 1: 100 Nell-1 antibody dilution. 
Diarnmoberizidine peroxidase Substrate and 3-amino9- 
ethylcarbazolc were used for visualization, and sections 
were councetstained with hematoxylin. 

Magnetic resonance imaging. Magnetic resonance imag- 
ing (MRI) was performed on formalin-preserved speci- 
mens using a Bruker Biospec MR imager (Bruker 
BioSpin GmbH, Rheinstetten, Germany) wich a 7.0-T, 
18-cm clear-bore magnet equipped with a microimag- 
ing gradient set and a 35-mm internal diameter bird- 
cage radiofrcquency coil. Transaxial and sagittal images 
of the brain and calvarium were obtained using a gra- 
dient echo filtered imaging steady-state pulse sequence 
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with the following parameters: TR/TE, 229.3/64.1 ms; 
flip angle, 30°; field of view, 2.3 cm; matrix, 256 x 256; 
slice thickness, 1 mm; and number of excitations, 8. In- 
plane spatial resolution was approximately 90 um. 

Micro computerized tomography scan. All the data were 
collected at 30 kVp and 750 mA. The data was recon- 
structed using the cone-beam algorithm supplied wich 
the MicroCat scanner (Oak Ridge National Laborato- 
ry, Oak Ridge, Tennessee, USA)* The matrix was 256 x 
256 x 256, yielding an isotropic resolution of 140 um- 
The quantitative procedures involve che placement of 
bone phantoms {long rods in che images) containing 0, 
SO, 250, and 750 mg/cc hydroxyapatite. Visualization 
of the data was performed using MetaMorph (two 
dimensional) (Universal Imaging Corp., West Chester, 
Pennsylvania, USA) and Amira (three dimensional) 
(Indeed - Visual Concepts GmbH, Berlin, Germany). 

In vivo proliferation analysis. Newborn mice were inject- 
ed wich BrdU at 100 ug/g. Animals were sacrificed 2 
hours after injection. The animals were fixed and 
iiruTiunostained with BrdU antibodies (Sigma.- Aldrich, 
Sc. Louis, Missouri, USA). Calvarial sutures, brain, and 
tibiae from transgenic animals and their normal litter- 
mates were compared. 

Itecombinant defective adenovirus vectors harboring Nell- 1 
(AdNelll) andantisenseNe&l (AdAntiNell-1). Rat Nfell-1 
cDNA was inserted bidirectionaliy between the human 
CMV IE1 promoter and the SV40 splice/polyadenyla- 
tion site flanked by nucleotide sequences from I to 454 
and from 3,334 to 6,231 of the Ad5 Virus. The resulting 
plasmid, pAdCMV-2Ve//-l, transcribes Nell-1 leftward rel- 
ative to the standard Ad5 map. The recombinant ade- 
novirus (Ad) (AdNett-1) were isolated by cotransfecting 
293 cells with pAdCMV-Ns//-I and pJM17 (Microbix 
Biosyscems Inc., Toronto Canada), resulting in vectors 
defective in the El -A viral gene. Clones of recombinant 
virus were plaque purified and confirmed by Southern 
blot analysis. Both AdNeU-1 and AdLacZ were grown to 
a high titer and purified once through a CsCl cushion 
and again on a continuous CsCl gradient. The result- 
ing stocks were 5 x 10 9 pfu/ml as assayed by plaque for- 
mation on 293 cells. Northern and Western blots were 
performed to assure the incorporation and expression 
of the gene and its protein produce 

Bat calvarial primary cell cultures (FRCCs). The isolation 
of osteogenic cells from embryonic day 18 (E18) rat cal- 
varia was performed as previously described (12). The 
cells collected from digestions four, five, and six were 
pooled and plated at 2.5 x l0 4 /cm 2 - Cells within pas- 
sage two were used. 

Adenoviral infection of Osteoblasts. In order to observe che 
effects of overexpressing Nell-1 3 osteoblasts from dif- 
ferent lineages were grown to 80% confluence in six-well 
plates. The media was aspirated and an infective dose 
(20 pfu/cell in 1 ml serum-free medium) was added to 
die cultures. Five sets of AdNetf-I, AdAntiAM-1, and con- 
trol Ad carrying p-Galactosidase (Ad(S-Gal) were used. 
On days 12, 15, and 21 after infection, von Kossa stain- 
ing was performed. The percentage of area mineralized 



was analyzed using che Image-Pro Plus system (Media 
Cybernetics, Silver Spring, Maryland, USA). Compar- 
isons between mice were made using che Student r test. 

In order to observe the effects of downregulating 
Nell-i, AdAntiAfe/M was added to fetal rat calvarial cell 
(FR.CC) cul tures as described above. 

Microarmy analysis. Microarrays were performed using 
RNA from AdrM-I- and AdjS-G^-infected MC3T3 cells 
at 6, 9, and 12 days after infection. I. Nishifnura and che 
University of California Los Angeles Microarrays Core 
Facility staff have developed bone-related microarrays. 
The microarrays contain over 37 genes with more than 
ten internal control genes. Confirmed markers include 
che following: bone matrix proteins (osteopontin, 
osteonectin, osteocalcin, bone sialoprotein); receptors 
(a 3 -integrin, vitamin D receptor, parathyroid receptor, 
estrogen recepcor); osteoblastic markers (alkaline phos- 
phatase, Cbfal); adhesive proteins (fibronectin, chon- 
droitin sulfate proteoglycan I, decorin, tenascin, synde- 
can, laminin); metaUoproceinases (matrix mecallopro- 
teinases ! and 2); growth factors (Bmp2, Bmp7); fibrillar 
collagens (collagens LAI, 1 A2, 3A1, SA2, and 1 1A1); other 
coliagens (co)lagens 4A1, 6A1, 7A1, 10A1, and 1SA1); and 
fibril-associated collagen with interrupted triple helices 
(FACITs) (collagens 9A1, 9 A2, 12, 14, 16, and 19). 

RNA (30 ug tocal RNA for Cy3 and 60 ug for CyS) was 
labeled with random hexamer primers and Cy3- or Cy5- 
dUTP. The reverse transctiptase-labeled probes were 
hybridized onto the arrays. Multiple laser sc^sns were 
performed wirh a 418 Array Scanner (Affymetrix Inc., 
Santa Clara, California, USA) to provide mean readouts 
and standard deviations to verify the reproducibility of 
the measurements. An average of all the internal con- 
trols was calculated and used to normalize hybridiza- 
tion intensities using the IPLab version 3.2 Micro Array 
suite (Scanalytics Inc., Fairfax, Virginia, USA). The cor- 
relation of all osteoblastic markers as a group was cal- 
culated and compared between the AdNell-1 -infected 
cells and the Ad#-Grf/-infected control cells. 

RT-PC& DNase-treared total RNA was used. After ini- 
tial verification of gene fragment expression through 
high-cycle PCR, another low-cycle PCR was performed 
to quantify relative gene expression (12). For each can- 
didate molecule, we determined the cycle number most 
likely to fall within the linear amplification range by 
successively reducing che number of cycles (range, 
15-35 cycles). Electrophoreses were performed and 
hybridized with sequence-specific probes labeled wit 
P32. A Phosphorlmager (Molecular Dynamics, Sunny- 
vale, California, USA) was used to measure che intensi- 
ties. For each sample, the densitometry value was divid- 
ed by the Gapdh value (performed at 20 cycles) and 
normalized. Primer sequences were as follows, Msx2: 
forward, 5 ' -CCTCG GTCAAGTCG G AAAATTC-3 f ; reverse, 
S'-TCGACAGGTACTGTTTCTGGCG-S'; probe, 5'-GAG- 
CACCGTGGATACAGGAG-3' (annealing temperature, 
68 °C). Cbfal ; forward, 5 ' -CTGTGTGG CTC CTAAC AAGT- 
GTG-3'; reverse, 5 ; -GG ATTCrGGCAATCAC AAGCTGTC- 
3'; probe, 5 / -CCTACTCa.CTGTCCGGGGAGTCCTGC-3' 
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Figure 1 

Ate//- 7 transgenic mice Compared wich nontransgenic littermaces. (a) 
Transgene copy number, The founders (FA and FB) and cheir progeny 
(TFjAI , TF 2 A2, and TF 2 B1 ) have copy numbers between 50 and 1 00. 
TF 2 A1 and TF2A2 are from chc Founder A fine. TF 2 B1, TF 2 B2, and 
TF 2 B3 are from the founder B line, (b) RT-PCR analyses of Nell- 7 ftNA 
expression in both founders. C, control NelJ-1 plasmid; M, muscle; H, 
heart; B, bone; K, kidney; L, liver, (c) Whole body (without head) RNA 
of newborn progeny. Tr\Al and TFaA2 express different levels of 
Ndt-1. TF 2 S1 expresses Netf-1 weakly, while TF?B2 and TTSB3 have no 
NelM expression, (d) Left panels, immunolocalization oFNeJM pro- 
tein in newborn NF 2 epithelium, muscle, and calvaha! bone. There is 
no detectable Nell-1 expression (brown staining indicates the presence 
of Nell-1 ) except some staining in the calvarial bone. Right panels 
.mmunolocaiization of NeJM protein in TF2A2 epithelium, musdc, and 
calvanal bone. Abundant Nell-1 expression is present throughout ail 
soft Dssue layers as well as in bone. Bar represents SO'jim, 



(annealing temperature, 66° C). Osteocalcin; forward, 
S'-ATGAGGACCCTCTCTCTGCTC-3 r ; reverse, S'-GT 
GGTGCCATAG ATGCGCTTfj-3 ' j probe CATGTCAAGC- 
ACGGAGGGCA-3' (annealing temperature, 66 °C). 
Osteoporttin: forward, 5'-AGCAGGAATACTAACTGC-3'- 
reverse, 5 '-G ATTATAGTG ACACAG AC-3 ' ; probe 5'-GCO 
CTGAGCTTAGTTCGTTG-3' (annealing temperature 
66° C). Nell-1; (12). 



Flotts cytometry analysis. Cells were seeded on 60-mm 
places at 5 x 10 s cells/plate. Ceils were harvested ac 24, 
36, 48, and 72 hours after infecdon with AdNeil-1 and 
AdfS-Gal. One million cells were used for flow cytome- 
try, and this procedure was repeated three rimes. Hypo- 
tonic DNA staining buffer containing propidium 
iodide was added to the cells for flow cytometry. 

Results 

Construction of CM V promoter/Nell- 1 transgenic mice. To 
investigate the effects of generalized overexpression 
in vivo, transgenic mice in which Nell-1 is expressed under 
Che control of the CMV promoter were produced. Copy 
number was confirmed by Southern blot and PCR (Fig- 
ure la). RNA analysis (Figure lb) and immunohisto- 
chemistry (data not shown) furdier corifirmed expression 
of Nell- 1 in founders. Afeff-I -overexposing founders 
were crossed with nontransgenic littermates, and com- 
prehensive analyses were conducted on F 2 progeny. 
Because most human CS phenotypes are readily appar- 
ent in newborns, 42 newborn mice, representing six lit- 
ters from two lines, were examined. The morphology of 
these mice was assessed for developmental anomalies, 
including suture closure. The mice were subsequently 
genotyped Suture patency was determined by the 
absence (indicatingsuture closure) or the presence (indi- 
cating suture patency) of visible blood vessels underneath 
the suture. Suture closure was further confirmed under 
a dissecting microscope. Two of the six litters examined, 
representing 20 progeny, did notyield any newborns with 
obvious craniofacial defects and were Nell-1 txansgene 
negative. These litters were not examined further. Proge- 
ny with craniofacial defects were recovered in each of the 
four remaining litters. The progeny of these four litters 
(22 mice) were analyzed further. A limitation of this rapid 
screening method is that mild CS with only focal points 
of suture closure may not be detected, and therefore Nell-1 
overexpression might appear to have lower penetrance. 

Thirteen (60%) of the 22 newborn progeny were trans- 
genic, with gene copy numbers similar to the founder 
Nell-1 mice (prediction is S0%).Netl-l RNA levels of the 13 
Nell-1 DMA-posirive transgenic F 2 (TF 2 ) mice were exam- 
med. Eight (62%) were positive for NeH-1 RNA expression. 
However, the level of expression varied (Figure lc). The 
reason for low or nearly absentivetf-J expression in some 
TF 2 mice despite their high transgene copy numbers is 
not clear, but epigenetic effects such as heterochromacin 
formation around the inserts may play a significant role 
m the high variability of transgene expression (17). RNA 
levels also differed in different tissues isolated from the 
same litter. Liu et aL also made this observation of varie- 
gation when they overexpressed Msx2 using a 0//V pro- 
moter (5, 6). Therefore transgenic Nell-1 cr^riscription 
may not necessarily correlate with gene copy number, and 
may also vary according to cell type. 

To determine whether Nell-1 overdress ion in m,r 
cr juasgenic model was p hysiology, Ify ^elevar^ ^ 
pared Nefrl RNA expression levels from the whole heads 
of three TF2 progeny with mild CS phenotyp ^ rn 
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in nontransgemc normal littermates (NF» mice), TF* 
mice displayed up co fourfold-increased Ni?//- 1 expression 
(data not shown). This was comparable co levels o f 
NELL1 overexpression in human CS patients in whom 
rwo- co fourfold increases have been observed (12). This 
s uggests char Nell-1 overexpression lev e ls in our model 
ware clinically relevaqc rather chan superphyslologic . 

Phenotypic analyses o/Ndl^l transgenic mice. Three of the 
eighcAM-1 RNA-posidveTFi mice demonstrated severe 
craniofacial anomalies and died shortly after birth (see 
Figure 2, a-c, and Figure 4). These mice also demon- 
strated detectable Nell-1 transgene expression in their 
total body mRNA (Figure lc) chat was verified by Nell- 1 
immunostaining of skin, liver, and calvaria (Figure Id). 

Morphological examination of one of the most 
severely affected TF2 mice revealed a large protuberance 
in the paramedial pariecal area with completely closed 
sagittal and posterior-froncal (PF) sutures and partial- 
ly closed coronal sutures (Figure 2j a-c). Clinically, this 
is similar co craniocelencephalic dysplasia, a form of 
human CS with premacure sagittal, me topic, and coro- 
nal suture closure with secondary frontal bone bossing 
and paramedial e-neephalocele (Figure 2d) (1), Brain 
MRI of this TF 2 mouse revealed significantly reduced 
ventricle size and increased parenchymal edema, both 
of which are suggestive of increased intracranial pres- 
sures (Figure 2e). Continued brain growth in the face 
of premature suture closure also generaces increased 
intracranial pressures in humans with untreated CS. 
Microcompucerized tomography (MCT) scan and MRI 
analysis also demonstrated structural abnormalities in 
the cranium of this TF2 mouse (Figure 2, f and g). 



Histological examination of Nell- 1 phenorype-posicive 
TFi mice revealed distinct differences from NF 3 licrer- 
mates. As in human CS > TF2 mice displayed prematurely 
closing sutures seen histologically as thickened, disor- 
ganized ridges of calvarial ridges with closing/overlap- 
ping osteogenic fronts (Figure 3, a and b). Whole-mount 
skeletal staining did not show any observable excracranial 
skeletal anomalies. Hematoxylin and eosin and tarcrace- 
resistant acid phosphatase staining of palatal and mid- 
mandible sutures, vercebrae, and long bones did not 
reveal any abnormal histology or increase io osteoclast 
number. Therefore, the effects of Nell-1 expression 
appear co be confined to the calvaria. Despite pan-tissue 
Nell-1 expression due co the use of the GW promoter, TF2 
mice exhibited cranial-specific anomalies that primarily 
affected calvarial suture patency and closure. Immuno- 
hiscochemistry showed increased in vivo expression of 
osteoblastic differenriacion markers (Figure 3, c and d). 

In situ BrdU analysis of prematurely closing cranial 
sutures in Nell-1 -expressing TF 2 mice demonstrated 
significantly reduced numbers of proliferating cells 
within osteogenic areas along suture edges (Figure 3, e 
and f). These data suggest chat Nell-1 overexpression is 
associaced with osteoblast differenciacion. No scatisci- 
caiiy signifLcanc difference was observed in the total 
number (Figure 3g) of cells per field along che sutures 
of TF Z and NF 2 mice. The observed decrease in prolif- 
erating cells may be secondary to che decreased prolif- 
erative abilities of differentiated osteoblasts or may 
reflect a primary defect in osteoblast proliferation. 

Morphologic examination of a second severely af- 
fected TF 2 animal showed significant cranial suture 
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Figure 2 

Phenotypic evaluation of A/c/A/ transgenic mice, (a and b) 
Left panels show a newborn Nell-1 phenotype-positive 
(TF?A1) mouse. Note the protrusion in the frontoparietal 
area (arrows). Right panels show an NF 2 IttCcrmate. (c) Left 
panel, TF2A2 mouse with the scalp removed. The sagittal 
(yellow arrow) and PF (black arrow) sutures arc dosed. Right 
panel, skull of the Nf* littermace with patent sagittal (yellow 
arrows) and PF (black arrow) sutures and norma! vascula- 
ture underneath the patent sucures. (d) An infant with cran- 
iotelencephalic dysplasia, a severe form of CS. (e) Brain MRI 
ofTF 2 A7 mouse (left) and NF 2 littermate (right). Noceche 
complete absence ofvencrides, suggesting elevated mcracra- 
nial pressure in cheTFjAI mouse (arrows, left) relative co its 
NF 2 liccermacc (arrows, right), (f) MCT-reconstructed three- 
dimensional skull views of the newborn Nell-1 phenotype- 
positivcTF 2 Al (left) and NF 2 (right) litcermates. Arrows indi- 
cate sagittal and PF suture sices. In TF 2 A1 mice, the sagittal 
and PF sutures are largely dosed and replaced with an abnor- 
mal ridge. In the NF 2 littermate, both sagittal and PF sutures 
are patent. Complete opacity corresponds co greacer than SO 
mg/cc mineralization. The vertical rods in che background 
are phantom reference rods corresponding co mineralization 
densities (from left to right) of50 t TOO, ISO, and 200 mg/cc. 
(g) Serial axial MCT sections of che TF 2 A1 (left) and NF 2 lic- 
termates (right) shown in f. Yellow arrows indicace the dis- 
tortion of che cranium. Green arrows indicate increased min- 
eralization of the calvarium in cheTF^A mouse (arrow, righc). 



The Journal of Clinical Investigation | September 2 G02 | Volume iiO | Number 6 



&65 




Brdl^aDeled 3 of Tp, Transgenic 4 of NF WT 

CCl!$/200x field ^16 ±4.8 F<0.01 46 As 

Figure 3 

Histologic and tmmunohistologic evaluation Q? Nefl-1 transgenic 
mice, (a) Hematoxylin and eosin staining of the sagittal suture of a 
Ncll-1 phenotype-positive TF : A1 mouse. There is closure of the 
suture, shown by the overlap of calvarial edges (black arrows; and 
dosing osteogenic fronts (red arrows). Lower left panef shows von 
Kossa staining. Note the close proximity of mineralized calvarial 
edges, (b) Hematoxylin and eosin staining of the sagittaJ suture from 
an NFa littermate. Note the large distance separating the two cal- 
varial edges (black arrows) at the patene suture site, as well as the 
advancing osteogenic fronts (red arrows). Lower left panel shows 
von Kossa staining. Black color indicates mineralization, (c) 
Immunolocaftzation of alkaline phosphatase (ALP) in a TF 2 A1 
mouse. Brown staining indicates the presence of alkaline phos- 
phatase (arrows). Lower panel represents the immuno localization 
of osteopontin at lower magnification, (d) Upper panel shows 
immunolocafization of alkaline phosphatase in newborn NF 2 cra- 
nial suture. Lower panel represents the imrnunolocalization of 
osteopontin (Of>) at a lower magnification. Bar represents 50 u.m, 
(e) BrdU staining of a TF 2 sagittal suture. The nuclei of proliferating 
cells are stained brown (black arrows). Proliferating cells are signif- 
icantly decreased relative to those shown for NF 2 in d, (f) BrdU 
Staining of a newborn NF 2 mouse sagittal Suture. Numerous brown- 
Stained cells are proliferating along the calvarial edges (black 
arrows) of the patent Suture, as well as along the advancing 
osteogenic fronts (red arrows). H&E, hematoxylin and eosin. (g) 
Number of proliferating ceils per field. 



obliteration, primarily in. the midline (i.e., sagittal and 
posterior frontal sutures), with bulging in the occipital 
(posterior) area. Overall, the skull was narrow and 
resembled those of humans with scaphocephaly and 
premature sagittal Synostosis. MCT scanning revealed 
complete PF suture and partial sagiccal and coronal 



suture closure (Figure 4b). Histological correlation 
revealed marked calvarial bone overgrowth and overlap 
in the closed area of the sagittal suture (Figure 4b). 

To examine TF 2 cmbryologic development during 
gestation, two Itccers of E15 TF 2 progeny were sacri- 
. flced. Nonviable Iittermates with exenccphaly-iike phe- 
notypes were observed in two of 19 embryos. Interest- 
ingly, Liu et al. reported a similar finding of 
exencephaly for A£oc2-ove r expressing mice (6). The eti- 
ology for this phenocype is not clear. This result may 
also help to explain the observed low incidence of 
severely affected TF 2 progeny among newborn mice. 

Overexprcssion ofNell-1 in vitro accelerates osteoblast differ- 
entiation. Dysregulated bone formation has been pro- 
posed as a possible mechanism for calvarial over- 
growth/overlap and premature suture closure (18). 
Because abnormal suture site osteogenesis (s the cardinal 
feature of NeU-l TF2 mice exhibiting premature suture 
closure, we hypothesized that iVfcfl-I overexpression may 
alter normal calvarial osteoblast cell cycling and differ- 
entiation pathways to promote premature osteogenesis. 

To test our hypothesis, we first examined die effect of 
Neli-1 on mineralization, a hallmark of osteoblast dif- 
ferentiation in vitro. Primary FRCC and MC3T3 (a 
mouse calvarial osceoblast-like cell line) cultures were 
infected with AdNetl-1 at 20 pfu/ceil in the presence of 
ascorbic acid. Ascorbic acid is essential for the induction 
and tenriinai differentiation/mineralization of 
osteoblasts (19). AdNfe^J-ioiected FRCC and MC3T3 
cultures mineralized more rapidly and profusely (more 
than sixfold) than AdjS-G^-infecued controls did (Fig- 
ure 5, a and b). In contrast, AdNdl-1 infection did not 
elicit any mineralization response in NLH3T3, adult, or 
fetal rat primary fibroblast cells (data not shown). These 
data suggest that Nell-1 accelerates osteoblast mineral- 
ization and that die effects are osteoblasc-specific. 

Our previous in vivo BrdU results demonstrated sig- 
nificantly reduced cell proliferation along the osteo- 
genic front in TF 2 mice. To determine whether NeU~l 
overexpression in vitro also affects cell cycling, AdNetl- 
i-infected MC3T3 cells (and Adfi-Gal controls, with and 
without ascorbic acid treatment and with and wirhout 
24 hours of serum starvation) were examined by flow 
cytometry at 24 and 48 hours after infection. No statis- 
tically significant changes were observed in populations 
in different phases of the cell cycle (two- tailed Student 
r test, p > 0.05). The fact that MC3T3 cells did not 
demonstrate decreased proliferation after Nell-1 crans- 
fection may reflect inherent differences between in vivo 
and in vitro osteoblast cells or the influence of the extra- 
cellular milieu and stage of cellular differentiation. 

Normal in vitro osteoblast differentiation is heralded 
by nodule formation (osteoblast cell aggregates) fol- 
lowed by mineralization. This differentiation program 
requires ascorbic add. Interestingly, AdNdl-l-in&cted 
MC3T3 cells, when cultured without ascorbic acid, also 
formed nodules expressing alkaline phosphatase begin- 
ning on day 3 after infection; control Ad/J-C^infected 
cells did not. Nelld -induced nodules in the absence of 
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ascorbic acid, however, were smaller (s 20 ceils per nod- 
ule, detectable at 100x magnification), and did not reveal 
mineralization with von Kossa staining (Figure 5c). 
Moreover, late differentiation markers such as osteo- 
pontin were not expressed in these "rnicronodules." The 
formation of micronodules by AdNelI-1 -infecced 
osteoblasts in the absence of ascorbic acid suggests rhac 
Nell-1 alone may influence cell-cell adhesion but is not 
sufficient to induce full osteoblast differentiation. 

To prove that Nell-1 enhances osteoblast differentiation, 
RNA from AdNell-J -infecced MC3T3 cells, cultured 
under normal conditions with ascorbic acid, were sub- 
jected to microarray analyses of various bone -specific 
markers at 6, 9, and 12 days after infection (Figure 5, d-£). 
The purpose of che microarray was to determine whether 
AdNe^.I-tnfecced and control Ad^G^-infected cells 
demonstrated distinct differences in overall osteoblast 
differentiation marker expression patterns using regres- 
sion analysis. By day 12, the expression pattern of 
osteoblast differentiation markers was discincdy differ- 
ent between AdNell-1- infected cells and Ad£-G<x/-infea> 
ed cells (r 3 - 0.334). Microarray analyses used in this 
experiment were not meant to quantirare the expression 
of individual genes. Individual gene expression patterns 
should be interpreted with caution, e.g., genes with two 
or more fold up or downregulation should then be ana- 
lyzed Results should also be confirmed with RT-PCRor 
RNA analyses. Late differentiation markers, such as 
Bmp7, osteoponrin, and osteocalcin, were upregulated 
more than twofold hi AdAM- J-infecced cells, while earli- 
er markers, such as type I collagen and osteonectin, were 
downregulaced more than twofold (Figure 5g). This sug- 
gests that Nell-1 promotes osteoblast differentiation. 
Osteocalcin and osceopontin RNA upregulation were ver- 
ified by RNA electrophoresis (see Figure 6, c and d). Nei- 
ther microarray nor reduced-cycle RT-PCR analyses 
demonstrated any significant changes in expression of 
Cbfal, Tffil, -fa and-fo or Tgf-prypes-I, -Z£ and -IZTrecep- 
tors, Ftfrlt or Fgr2 in AdNetf-i-irifected MC3T3 cells 
(data not shown). This suggests char Nell- J may operate 
downstream of these candidate genes or may affect dis- 
tinctly different pathways. 

Dotsmregulation ofNe&l in vitro delays osteoblast differenti- 
ation. To further address che physiologic function of 
Nell-1 in osteoblast differentiation, we tested the effect 
of downregulating che Nell-1 protein through adenovi- 
ral antisense Nell-1 infection in osteoblasts. FRCC cul- 
tures were infected with AdAnuNell-1 at 20 pfu/ceil in 
the presence of ascorbic acid. AdAn.uNell-1 dowtuegu- 
lated NeiM protein expression to 40% of its normal 
expression level (Figure 6a). FRCC cultures expressed sig- 
nificantly less alkaline phosphatase than did AdfrGal- 
infected controls or AdNell-1 -infected cells (Figure 6b). 
Osteocalcin and osteoponrin RNA expression was also 
downregulaced in AdAndNell-1 ceils (Figure 6, c and d). 
The ratio of osteocalcin in AdAndNell-1 -infecced cells to 
osteocalcin in Adfi-Gal controls was less than l;4 on day 
9 and 1:2 on day 12 by Northern analysis. The ratio of 
osteoponrin in AdAnttAfc/W -infected cells to chat in 



AdfrGtd controls was less than 1:5 on days 6 and 9, and 
less than 2:5 on day 12. Therefore, knockdown data com- 
plement the overexpression data and suggest chat Nell-i 
plays ail important role in osteoblast differentiation. 

Discussion 

N8LL-1 is a relatively newly discovered molecule with 
unknown function. Because of the observed transient 
upregulation of NELL-1 during premature suture clo- 
sure in CS patients (12), we simulated NELL-1 overex- 
pression in a mouse model in order to investigate novel 
potential functions of Nell-1 in craniofacial develop- 
ment and pathology. We observed early suture closure 
and increased osteoblast differentiation inNell-1 trans* 
genie mice. Therefore, NelU J is likely a candidate for the 
control of local suture closure, and che overexpression 
of Nell I may play an important role in the mechanism 
of premature suture closure in CS. Based on our over- 
expression and knockdown in vitro data, Nell-1 most 
likely influences osteoblast differentiation. However, 
the molecular mechanism is unknown. 

Nell-1 may induce osteoblast differentiation by bind- 
ing and then sequestering or activating ligands, as well as 
by triggering recepcor-mediated signaling (20). Nell-l's 
combination of chordin-like, cysteine- rich domains, 



c 




Figure 4 

Nell-1 transgenic TF 2 B1 mouse compared with a nontransgenic litter 
mate, (a) Left, newborn TF 2 B1 mouse with the scalp removed. Note 
the abnormal bulging of the occipital area and che relatively narrow 
width of the cranium. Right, an NF 2 littermace. In cheTF 2 Bl trans- ■ 
genie animal, che sagittal suture and several other sutures are closed, 
(b) Hematoxylin and eosin staining ofTF 2 Bl sagittal suture. Prema- 
ture closure of che Suture is manifest in the severe overlap of calvariaf 
edges (red arrows). The underlying brain tissue has been removed for 
RNA analysis, (c) Three-dimensional MCT reconstruction ofaTF 2 Bl 
mouse (left) and its NF 2 littermate (right). Note che area of prema- 
ture midline sucure closure in the TF 2 81 mouse (arrow, left). 
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NH 2 -termiruI chrombospondin-like module, and EGP- 
like repeats make ic a likely modulator of growth factor 
activity. We have conducted preliminary studies to rest 
this possibility. To derermiae whether Neli-1 binds ro 
known £GF-like receptors, we previously added Nell- 1 to 
IL-3-dependent cells expressing ErbBl, -Z, -3, or -4. The 
addition of Nell- 1 failed to produce tyrosine phosphory- 
lation of these receptors. Nell-I, therefore, is nota Iigand 
for these receptors even chough Nell- 1 is a known 



secretory protein with EGF-iike repeats (13). Instead 
NelH may interact with other specific receptors that may 
be expressed only by certain cell types. Using the yeast 
twohybnd system (14), we arc in the process of isolating 
potential Nell-l receptors, although no such receptors 
have been found yet. Because Nell-l shares many mo- 
tifs with thrombospondin-1 and chordin, it may hypo- 
cheeically activate or sequester members of the TGF-0 
superfarnily and function as a chrombospondin-I-Iike 
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Figure 6 

Effect of Nell-1 downregulation on alkaline phosphatase expression and bone marker expression, (a) Western blot analysis of Nell-1 protein 
expression in rat FRCCs infected with 20 pfu/cell AdAntiA/ff//- 1 or AdfrGal control. Downregulation of approximately 60% is observed, (b) Alka- 
line phosphatase staining (in red) of FRCCs. AdAnti/Ve//-/ -infected cells have significantly less stainingthan do control and AdNefi- 1 -infected 
cells, (c) Northern analyses of FRCCs on days 3, 6, 9, and 1 2 after infection. AdAnti/W/- 7 -infected ceJIs have significant (ess osteocalcin and 
OSCeopOntin expression, (d) Expression of osteocalcin (OC) and Osteopontin (OP) measured by Phosphorfmager and normalized by CAPDH. 



molecule to facilitate latent TGF-pi activation (21). 
Recently, Abreu et al. suggested that Nell-1 is a member 
of the "chordin-like cysteine-rich domains'' family, which 
includes chordin, kielin, crossvetuless, twisted gastcuU- 
don (Tsg), and connective TGP (20). A common feature 
of the chordin-like cysteine-rich domains family mem- 
bers is that their expression is temporally and spatially 
specific, particularly in patterning. Another common fea- 
ture Ls their interaction with members of the Bmp fami- 
ly and subsequent function as pro- or anti-Bmp's. 

Specific expression and Junction of Nell-1 in vivo. Tn our 
previous studies, we reported the earliest detectable 
Nell-1 expression in El 1-E14 mice (12). Nell-1 is prefer- 
entially expressed in the craniofacial region, both pre- 
nacally and poscnatally, during growth and develop- 
ment, Immuno histochemistry showed that Neil-1 
localizes primarily co bone-forming areas of sutures 
and the calvarium and ossifying membranous bone in 
the mandible (data not shown). Both calvarial and 
mandibular membranous bones are thought to be neu- 
ral crest derivatives (22). Preferential Nell-1 expression 
in the craniofacial region by neural crest derivatives 
suggests that Nell- J. may be important during skeletal 
craniofacial growth and development. 

Surprisingly, unlike ocher CS models involving gen- 
eralized gene overexpression, Nell-1 transgenic mice 
displayed anomalies that were restricted to che cal- 
varial bone, despite generalized, no n- tissue-specific 
Nell-1 overexpression. This further supports our 
hypothesis that Nell-1 undergoes highly specific inter- 
action to induce osteoblast differentiation. Nell-1 
overexpression, therefore, is less Ukely co cause suture 
closure by nonspecificaily perturbing che function of 



homologous molecules such as thrombospondin-1. 
This was verified by knockdown studies in vitro. 

Effect of Nell-1 on osteoblast differentiation. Normal 
osteoblasts cultured without ascorbic acid do not dif- 
ferentiate. Osteoblasts overexpressing Nell-1, on che 
other hand, form micronodules and express alkaline 
phosphatase in the absence of ascorbic acid. This sug- 
gests than Nell*! alone is sufficient to induce some 
degree of osteoblast differentiation. 

In, addition, RNA microarray analyses of Nell-1 overex- 
pression in osteoblasts culaired under normal conditions 
(i.e., with ascorbic acid) demonstrated upregulation of 
late differentiation markers at day 12 after transfecrion. 
AdAfetf-i -transferred osteoblasts also exhibited increased 
rruneraiization beginning on day 12 after transfecrion. 
These data indicate that Nell-1 may accelerate the rate of 
calvarial osteoblast differentiation and mineralization. 

Nell-1 overexpression may not reflect the true physio- 
logical function of Nell-I, but rather the effect of 
Nell* I overexpression on other chrombospondin-like 
molecules. Downregulation of Nell-1 clearly inhibited 
osteoblast differentiation. Nell-1 is therefore likely to 
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Figure 7 

Hypothetical model of Nell-1 function in premauure suture closure. 
Dashed line represents potential modulation. 
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be both sufficient and required for osteoblast differen- 
tiation in vicro. However, Nell-1 null mice need to be 
produced in order to justify this conclusion in vivo. 

Ne&Vs relation to currently known CS modeb. Nell-1 
overexpression produces craniofacial abnormalities 
similar co rhose resulting from Msx2 ove repression in 
vivo. Boch mouse models exhibit sucure overgrowth 
and an increased incidence of exencephaly. However, 
che cellular functions of these cwo genes appear co be 
distinctly different; continuous Msx2 overexpression. 
induces proliferation and inhibits differentiation, 
while Nell-1 enhances differentiation. Mice with a 
Pro 240 -> Arg mutation in Fgfrl, which induces Cbfal 
overexpression, have distinctly different phenotypes 
from mice overexpressing Nell-1 because calvarial 
fusion occurs much Uter (postnatal days 16-21) and 
gross sucure overlap does not occur (8) in the mice 
with the Pro^o mutation. However, Cbfal has a similar 
cellular function to Nell-1 in vitro; both induce 
osteoblast differentiation with upreguktion of bone 
marker genes. Nell-1 expression is modulated by Msx2 
and Cbfal. Cbfal rransfection of FRCCs upregulaced 
Nell-1 expression within 24 hours, while Msx2 trans- 
fection and Cbfal/Msx2 co trans fee tion downregulated 
Nell-1 expression (unpublished observations). While all 
these candidate genes are important to the under- 
standing of CSj Msx2 may be important in die earlier 
stages of CS (5, 6), while Fgfrl/Cbfal may play a role in 
the later stages of suture closure. Future investigation 
of the Ne&l promocer, which contains conserved 
Cbfal and Msx binding sequences, may provide 
cher understanding of their infractions (Figure 7). 
These observations underscore the complexity of the 
dynamic genetic and environmental interactions in 
craniofacial growth and development 

In conclusion we have created an animal model o f- 
human nonsyndm mic CS by- overexpressing N ell-1. 
Unlike other available CS models involving muta"tions 
in FGFRs or homeobox genes (I, 2, 8), our animal 
model exhibited anomalies that were localized to the 
craniofacial skeleton. We hypothesize that^/efl-1 is suf- 
ficient, and probably required, to promote and acceler- 
ate calvarial osteoblast differentiation and bone for- 
mation. Mechanistically, Nell-1 overexpression induces 
mtramembranous bone formation in cranial sutures 
and may lead co calvarial overgrowth/overlap and sut> 
sequent premature suture closure. 

Although Nell-1 has not yet been identified as a 
cause of CS in human genetic studies, che data 
scrongly suggest chat Nell-1 is pare of a complex 
chain of events resulting in premature suture closure 
(I). The resemblance of Nell-1 transgenic mice to 
humans wich nonsyndromic CS and Nell-l's associa- 
tion with known CS candidate genes provides new 
insighes for CS research. Further investigation of the 
regulation and mechanism of Nell-1 in suture closure 
and bone formation can pocentially accelerate our 
understanding of che cascade of events leading co 
premature suture closure in CS. 
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The mammalian NelH gene encodes a protein kinase C-pl (PKC-pl) binding protein that belongs to a new 
class of cell-signaling molecules controlling cell growth and differentiation. Over-expression of Nelh in 
the developing-cranial suturesJn both human and mouse induces craniosynostosis, the premature fusion 
of the growing cranial bone fronts. Here, we report the generation, positional cloning and characterization 
of Nell1 6R t a recessive, neonatal- lethal point mutation in the mouse Nelll gene, induced by 
Atethyl-N-nitrosouraa. Nell1 €R has a T-> A base change that converts a codon for cysteine into a premature 
stop codon [Cys(502)Ter], resulting In severe truncation of the predicted protein product and marked 
reduction in steady-state levels of the transcript In addition to the expected alteration of cranial morphology, 
NeH1* R mutants manifest skeletal defects in the vertebral column and rfbcage, revealing a hitherto undefined 
role for Nein in signal transduction in endochondral ossification. Real-time quantitative reverse 
transcription-PCR assays of 219 genes showed an association between the loss of NeM function and 
reduced expression of genes for extracellular matrix (ECM) proteins critical for chondrogenesis and osteo- 
genesis. Several affected genes are involved in the human cartilage disorder Ehlers-Danlos Syndrome and 
other disorders associated with spinal curvature anomalies. Neli1 BR mutant mice are a new tool for elucidat- 
ing basic mechanisms in osteoblast and chondrocyte differentiation in the developing skull and vertebral 
column and understanding how perturbations in the production of ECM proteins can fead to anomalies in 
these structures. 



INTRODUCTION 

Bone and cartilage are specialized connective tissues that 
provide structural support for the vertebrate organism and 
participate in key metabolic processes (e.g. calcium homeo- 
stasis). The formation of bone (osteogenesis) and cartilage 
(chondrogenesis) are complex processes, governed by 



numcro as genes acting in several stages: (a) commitment of 
the precursor cells; (b) the proliferation of the osteoprogenitor/ 
chondroprogenitor cells; (c) differentiation of osteoblasts and 
chondrocytes; and (d) formation of cartilage or a calcified 
bone matrix (1). In the developing skuJJ, calvarial bones are 
formed by intramembranous ossification, wherein mesenchy- 
mal cells differentiate into osteoblasts and the production of 
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i bone matrix occurs directly without previous cartilage 
formation. Other bones in the body are formed by endochon- 
dral ossification, wherein mesenchymal cells aggregate, 
differentiate into chondrocytes and form cartilaginous tissue 
that is -ultimately replaced by mineralized bone (1,2). 
Normal bone formation requires a' delicate balance between 
proliferation, differentiation and apoptosis in osteoblasts and 
chondrocytes. 

Gr^niosynostosis (CS) is among the numerous abnormal- 
i D ities resulting from perturbations in intramcmbranous ossifica- 
tion in the developing skull. CS is a significant medical 
condition because of its high incidence (1/3000 births) and 
the fact that cessation of skuJ) growth at the prematurely 
fused suture sites can severely constrain the growth of the 
underlying brain, leading to increased intracranial pressure, 
impaired cerebral blood flow and airway obstruction (3,4). 
Moreover, certain types of CS are associated with defects in 
limb and spine development (5,6). Several genes controlling 
the establishment, maintenance and closure of cranial sutures 
Z * have been identified (e.g. MSX2, FGRFR1, 2 ? 3, TWIST) and 
the underlying molecular mechanisms elucidated by examin- 
ing the consequences of mutations in mice (3,4,7-10). 
The importance of the NELL1 gene in cranial development 
was first postulated with the discovery that it was dramatically 
up-regulated in prematurely fusing and fused sutures of 
patients with unilateral coronal synostosis (11). Transgeni c 
mice over-expressing the rat Nelll gene displayed CS at 
birth, thereby confirming the earlier report that Nelll has a 
k ey role in numan cranial development and suggestin g that 
Zo the underlying mecnanisms can be investigated accurat ely 
using mouse models (12) . The over-expressing transgenic 
mice have abnormalities specific to calvarial development 
and are viable. Further in vivo and in vitro studies showed 
that Nelll over-expression triggers premature fusion of 
growing skull bones by increasing osteoblast differentiation, 
apoptosis and mineralization (12,13). 

The NELL1 gene encodes a polypeptide (810 amino acids) 
that is glycosylated and processed in the cytoplasm and then 
secreted as a 400 kDa trirner. The protein contains 
thrombospondin-like, laminin G, von Willebrand factor-like 
repeats and epidermal growth factor (EGF)-like domains 
(14,15). The NELL1 protein binds to and is phosphorylated 
by PKC-ftl via the EGF-like domains, suggesting that Nelll 
represents a novel class of cell-signaling ligand molecules 
critical- for growth and development (15). 

While investigating the molecular basis for phenotypes 
of AT-ethyl-iV-nitrosourea (ENU>induced lethal mutations 
mapping to a small segment of mouse chromosome 7 3 we pre- 
viously defined mutations in the 17R6 locus as late gestation/ 
neonatal Iethals (16). In this report, we present a new allele, 
designated 17R6 6R 3 which is a point mutation in Nelll resulting 
in severe loss of expression. The loss of Nelll function leads to 
skeletal defects in the cranial vault, vertebral column and 
ribcage. Gene expression assays reveal that these aberrant phe- 
notypes are because of the downregulation of extracellular 
matrix (ECM), cell adhesion and cell communication proteins 
that are necessary in osteogenesis and chondrogentsis. 
This report is the first demonstration of the significance of 
M?tf/-rnediated pathways in cartilage development and the 
consequences of loss-of-function of Nelll in vivo. 



RESULTS 

17R6 6R mice die during birth, exhibit enlarged 
heads and abnormal body curvature 

17R6 6R herd- and homozygotes develop to late gestation (El 9 
days) but do not survive the physical trauma of birth. Obser- 
vations on females during delivery showed that all 17R6 6R 
mutant neonates were born dead, whereas remaining undeliv- 
ered mutants were alive when recovered by caesarean section. 
However,, rescued mutant mice quickly succumbed because 
they were unable to breathe and foster mothers usually canni- 
balized them. Mutant fetuses are easily distinguished from 
normal littermates by their pronounced curled position, 
enlarged head region (Fig. 1A), inability to open their 
mouths and very weak reflexes in extremities when stimulated 
by touching. Heterozygotes survive to adulthood and breed 
normally, with no readily visible phenotypic differences 
when compared with wild-type mice. 

Gross anatomical observations indicated that compared with 
their wild-type litterrnates, homozygous mutant fetuses mani- 
fested a decreased body length because of the pronounced 
altered curvature of the spine and an enlarged altered head 
shape brought about by increased bead length (Table 1). No 
significant changes in head height and width were detected, 

17R6 6 * is a point mutation in the Nelll gene 
resulting in a Cys->Ter codon substitution and 
severe reduction in transcript levels 

7Va7zs-complementation analysis with a number of P-deletions 
localized 17R6 6R to the same < J cM segment of chromosome 
7 (Fig. IB, Materials and Methods) as other 17R6 alleles, with 
homology to a region of human llp!5. Gene content analysis 
of the human chromosomal region suggested at least six can- 
didate genes for 17R6 (http://genome.ucsc.edu), including 
NELL1, which was particularly provocative because of its 
over-expression in the prematurely fused sutures of patients 
manifesting unilateral coronal synostosis. The pronounced 
enlarged head phenotype, along with the deletion-map pos- 
ition, suggested that recessive 17R6 6R mutation may be a 
loss-of-function allele in the Nelll gene. To test this hypoth- 
esis, Nelll gene expression in wild-type and mutant embryos 
and in wild-type adult tissues was assayed by Northern blot 
analysis. The cDKA probe detected a 3.5 kb message 
in polyA - *" RNA extracted from wild-type embryos from 
E10-1S days of gestation (Fig. 2B). During gestation, 
expression was first detected at E10 and steadily increased 
in the head region and decreased in the body. In adult 
tissues, normal expression was observed primarily in adult 
brain (Fig. 2A). In contrast, northern blot assays of RNA 
samples isolated from El 5 fetuses showed little detectable 
expression of Nelll in 17R6 6R mutants (Fig. 2B). 

To identify the presumed Nelll 6R (17R6**) mutation, each 
exon along with flanking irjrron sequences was amplified 
from genomic DNA and analyzed for single base pair 
changes by heteroduplex analysis using temperature gradient 
capillary electrophoresis (17), Heteroduplexes were detected 
in exon 14 (not shown), hence the samples were sequenced 
in mutant animals and compared with the sequence in the 
wild-type controls- Sequence analysis showed a single base 
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Fijarc 1. ( A) Phenotype of I7R6™ homozygous mutants at 1 9 days of gestation. On the right is a fetus homozygous for the I7R6 CR allele (stock ] 02DSJ) showing 
a very curled position and enlarged head size compared with the control littennate (left;. I7R$* R mouse fetuses arc recovered alive by caesarean rescue because 
they do not Survive delivery through the birth canal, perhaps owing to the physical trauma in the neck and spine region brought aboul by the abnormal spinal 
curvature. (B) Complementation analysis showing the mapping of the 17R6 locus inlo an interval in mouse chromosome 7 (red box) (hat is homologous to a 
segment of human chromosome 1 lpl5 (red box) where the Nell! gene is located. Mouse chromosome 7 is represented by the line with a filled Circle at the 
left (indicating the centromere) and relative positions of genes and markers are indicated above the line. Five mutant mouse lines carrying deletions of 
varying lengths and Surrounding the pink-eyed dilution gene (p) are shown as 46DFiOD, 47DTD, 2MNURf. SR250M and 3R3DM. Among these mutations, 
00 )y the 3R30M deletion can complement the ENU-induced mutations at 17R6 indicating that this deletion does not extend to the position where the I7R6 
gene is located. The interval is therefore defined by the proximal deletion breakpoints of the 8R250M and 3R30M mutant mouse lines. 

Tabic 1. Quantitative analysis of changes in body length and head size of Net/ 1 6R homozygous mutants compared with wild-type littcrmatcs, measured (in mm) at 
El fio days of gestation 



Litter no. 


Genotype 


No. of embryos 


Body 


±SEM 


Head 


±$£M 


Head 


±SEM 


Head 


±SEM 






per litter 


length 




length 




height 




width 




1 


Wild-type 


2 


21.49 


±0.28 


10.23 


±0.17 


5.95 


+0.01 


6.37 


±0.35 




Mutant 


2 


19.2$ 


±0,05 


11.5 


±0-70 


6.% 


±0.41 


6.$$ 


±0.54 


2 


Wild-type 


2 


17.15 


±0.06 


9,72 


+ 0.20 


9-06 


+ 0.69 


6.42 


±0.78 




Mutant 


4 


16.90 


±0.50 


10.37 


±0.75 


$.50 


±0.54 


6.14 


±0.33 


3 


Wild-type 


1 


21.3 


±0.0 


10.1 


±0.0 


8.0 


±0.0 


6.4 


+ O.0 




Mutant 


1 


1S.5 


±0.0 


11.0 


±0.0 


S.7 


±0.0 


6.8 


±0.0 


4 


Wild-type 


i 


19.9 


+ 0,0 


u.o 


±0.0 


S.I 


±0.0 


6.5 


+ 0,0 




Mutant 


2 


17.$ 


±0.4 


11.2 


±0.4 


8.65 


±0.3 


6-95 


±0.5 


5 


Wild-type 


1 


23.24 


±0.0 


9.77 


±0.0 


6.01 


±0.0 


6.49 


+ 0.0 




Mutant 


1 


20.30 


±0-0 


11.15 


±0.0 


5.53 


±0.0 


6.19 


±0.0 


6 


Wild-type 


4 


22.69 


±W 


10-32 


±0.93 


5.17 


+0.41 


6.42 


±0.37 




Mutant 


2 


18-50 


±0.37 


11.44 


±0.32 


4.55 


±0.14 


6.75 


±0.21 


7 


Wild-type 


2 


23,86 


±0.37 


10.71 


±0.43 


5.44 


±0.52 


6.66 


±0.61 




Mutant 


3 


19.11 


±0.63 


11.2 


±1.45 


5.39 


±0.6$ 


6.67 


±0.06 


S 


Wild-type 


1 


22.77 


±0.0 


9.47 


±0.0 


5.31 


±0-0 


6.53 


±0.0 




Mutant 


2 


I $.33 


±0.65 


9.94 


±0.$$ 


6.2S 


±0.39 


6.85 


±0-3 


9 


Wild-type 


2 


22,32 


±1.4 


10.22 


±0.8$ 


5.6$ 


+0.46 


6.S6 


±0.6 




Mutant 


2 


17.9S 


±0.55 


10.45 


±1.32 


7.19 


±0.41 


6.9 J 


±0.14 


Totnl 


Wild-type 


16 


21.72 




10-21 




6.27 




6.51 






Mutant 


19 






10.S6 




6.2S 




6.64 






^-value 




4.2 x 10~" 




0.003 




0.172 




0.266 





The body length of mutant fetuses were significantly decreased and die head length increased in comparison with the wild-type mice. 



pair substitution of T -+ A that converts a codon for cysteine protein (Fig. 3). As transcripts bearing premature stop 
into a premature stop codon [TGT^TGA; Cys(502)Ter] codons in positions such as the one present in the Nelll™ 



that truncates the 810 amino acid polypeptide at residue no. 
502 and eliminates the EGF^like domains that bind PrCC-(5l 



transcript are subject to nonsense-mediated decay (18J9), 
the mutation scanning data are consistent with the 
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Figure 2. Expression of the mouse Nelll gene. (A) Northern blot analysis on polyA + RNAs from heads (H) and bodies (B) of wild- type embryos/fetuses 
(samples 1-8) and adult mouse tissues (samples 9-16). The lane positions* developmental stages and adult tissues are: J, £10; 2, E12; 3, E14 H; 4, E14 B; 
5, E16 H; 6, E16 S; 7. EI8 Hj S, E1S B; 9, brain: 10, liver, 11, spleen; 12, kidney; ]3> thymus; 14, heart; 15, long; 16, muscle. The Nelti cDNA probe 
delects a 3.5 kb transcript as early as E10 days. From 514 to 218 days, the A r e7/i message is abundant in both fetal heads and bodies* increasing markedly 
in the head as development proceeds, Hybridization of the blot with an actin probe serve as control to compare levels of samples loaded in each lane. (B) North- 
ern blot analysis on polyA* RNAs extracted from the heads of hemizygous El 5 17R6 fetuses, shows a severely reduced expression of the Mr/// gene in the 
17R6 5R (102DSJ) allele compared with normal levels of expression detected in mice with the following genotypes: wild-type, mutant hemizygotes for four 
other alleles at the 17R6 locus (335SJ, S8SJ, 45DSJ, 2038SJ). 



observation of severely decreased Nelll mRNA levels in 
mutants (fig. 2B). 

Nettl 6R mutant mice have skeletal defects 
in the skull and vertebral column 

Because of prior reports on the role of Nelll in cranial devel- 
opment and osteoblast differentiation, we performed a detailed 
analysis of skull and skeletal defects in the Nelll 6R mutants 
(El 8.5 days) using Alizarin Red-Alcian Blue staining. Skel- 
etal analysis showed compression of intervertebral spaces 
and alteration of spinal curvature, and anomalies in die 
shape and volume of the ribcage (Fig. 4A and B). The cervical 
region of the vertebral column displayed the most dramatic 
reduction in the intervertebral disc matrix and a pronounced 
change in spinal curvature is observed at the juncture of the 
cervical and thoracic vertebral bones (Fig. 4A and B). Enlar- 
gement and thinning of the parietal, frontal and interparietal 
bones in the skull were readily apparent (Fig. 4C-F). The 
nasal bones were also enlarged but thinning was not clearly 
observed in these structures. The consistently decreased 
staining by Alizarin Red in the Nelll 6R calvarial bones 
indicated decreased ossification in the mutant. These Nelll 6R 
skeletal defects were confirmed by microcomputerized 
tomography scanning (Fig. 4G and H). Radiographs showed 
the sharp curvature change between the cervical and thoracic 
vertebrae (Fig. 4G). Moreover, the microCat scanning 
data suggested lesser bone density (Fig. 4G) and areas of 
ossification (Fig. 4H) in the Nelll 6R mutant homozygotes. 
Although the effect of Nelll 6R mutation in the head 
region was expected, its profound impact on the development 
of the vertebral and thoracic skeleton was not anticipated 
as the deleterious effects of Nelll over-expression were 
confined to the growth and differentiation of the calvarial 
bones (12). 



Loss of Nelll function reduces expression of genes coding 
for ECM, cell adhesion and communication proteins 

Nelll is a novel gene, thus the molecular and cellular mechan- 
isms of its role in mammalian development are unknown. In 
order to define die genes and pathways that were perturbed 
by the Nelll 6R mutation, we screened hundreds of potential 
'downstream' genes for differences in expression levels 
between wild-type and mutant Nelll 6 * fetuses. Real-time quan- 
titative RT-PCR analysis of 219 experimental and six control 
genes was canied out in RNA samples extracted from 
individual heads and bodies of four Nelll 6R mutants and four 
wild-type EI 8 fetuses. These assays on whole tissues enabled 
a rapid and efficient assessment of the impact of the Nelll 6R 
mutation on a wide range of genes. Changes in 'expression 
levels' of these genes may either be direct (e.g. transcriptional 
changes) or indirect (e,g. expansion or reduction of specific cell 
populations). The 219 genes were carefully selected based on 
the observed mutant phenotype and the putative domains and 
functions of the Nelll gene. Genes associated with CS (e.g. 
Ritnx2> Msx2, Fgfr3\ bone and cartilage development, cell 
growth and differentiation, neural development and signal 
transduction pathways were also included. The complete list 
of genes assayed by qRT-PCR is presented in Supplementary 
Material, Table SI online. 

Gene expression analyses revealed reduced expression of 13 
genes in the head and 28 genes in the body because of the 
Nelll 6 * mutation (Fig. 5). Expression levels of the following 
nine genes were affected in both heads and bodies: collagen 
5 alpha 3 subunit (CoUa3), tenascki (Tnxb\ procollagen 
type XV alpha 1 (Coll 5a 1), procollagen type V alpha 1 
{Col5al\ thrombospondin 3 (Thbs3\ matrilin 2 (Matn2\ 
tumor necrosis factor receptor superfamtly member lib 
(Tnfrspib), osteoblast-specific factor (Osfi) and chondro- 
adherin (Chad). Further analysis using publicly available 
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Fi-ure 3,\fcmt\cim<>n ofthe NM 6 * murotion. (Al Moiusc ^Ve/// cDNA sequence (GcnBank acccssioji no. AY622226) and position of predicted protein 
domains [Ttombo^ondin {gray); Lainiftin C (Utlderiined); von Willcbrsnd factor typ* C {vcllow): calcium-bindin? EGF-iike (blue)] The lotion* of 
Tbe EMMnduccd inuimion ai base pair no. J>}6 in the cysteine codon nod (he change in amino acid no. 502 are both hifihJighted in red tcxi. The premanire 
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Figure 4. Skeletal defect in Nell! homOzygote mutant fetuses at 18.5 days of gestation. (A) Alizarin Red and Alcian Blue staining showed dial mutant homo- 
zygotes have altered spinal eirrvatirre r decreased intervertebral disc Spaces, reduced thoracic cavity, protruding sternum and a slight enlargement of the skill J, 
(B) C)ose-up of the cervical region where rhc most pronounced .vertebral compression was observed. The skeletal specimen? in (B) are a different pair of I'rt- 
termates from those in (A). (C) Side view of the cranial vault showing enlargement of parietal bones (Pr) in mutant fetal heads. (D) Top view of the skull 
showing the increased size of the nasal (Ns), frontal (Fr) and parietal (Pr) bones in the Nell I 6 * mutant mice. (E) Enlargement of the interparietal and 
(F) frontal bones. (D-F) The calvarial bones of the Nell}** mutant mice are thinner than those of the wild-type and consistentlyhave less Alizarin Red staining, 
suggesting a lesser degree of ossification. (G) Radiographs of a wild-type fetus compared to a mutant littermate. A pronounced alteration in spine 

curvature occurs at the cervical vertebrae in the mutant fetuses (arrow). The lesser intensity of signals in the craniofacial and vertebral skeletons of the 
mutant suggests lesser bone density. (H) Images from 3D re-construction of mtcroCat scons for wild-type and mutant fetuses show lesser areas of ossification 
in the mutant fetal head (arrow). The observation in earlier skeletal analysis that the mutant calvarial bones arc thinner is consistent with microCat data showing 
larger areas of dense bone in the wild-type fetus (arrows). 
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figure S. Cei)e expression profile Of Nell J ,k mwants cgmpnred with wild-rypc Ictuses Ccncs with significantly reduced expression in mutant mice are 

listed rrom highest to lowest fold change. Nine gene* \'m red text} are affected in both heads and bodies. Majority oi'ihe genes Thai are alTecied by me Ate///'* 
munition encode proteins for the ECM, cell adhesion (Adhn) and cell communication (Comm) during bone nnd'cartiJase dcvclopmcm. 



took such as DAVID (Database for Annotation, Visualization 
and Integrated Discovery) (20). GeneCards* UCSC genome 
browser aiid extensive PubMed literature searches showed 
that the majority of the genes with reduced expression encode 
HCM proteins such as specific coliagens, thrombospondins. 



tenascins and mairilins. These proteins provide cell adhesion 
and communication, and impart strength and flexibility to 
tissues. The most severely affected genes (2-3-fold; in the 
fetal head were Tnxb snd Col5a3 y whereas in the body 
they were: Tn.xhs proteoglycan 4 [P)-g4) K Thbs3 snd Cof.5ai 
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Eight out of 2) collagen genes assayed showed significant 
changes in expression indicating that the loss of Nell] 
influences only a specific set of collagen subunits. Another 
striking result is that mutations in the human counterparts of 
two dramatically affected genes, Tnxb and Col 5a 1, cause 
Ehlers-Danlos Syndrome (EDS), a severe cartilage defect 
(1/5000 individuals) characterized by hyper extensibility of 
the skin and extreme flexibility of joints (21,22). EDS patients 
do not have the ability to make certain components of the 
connective tissue, particularly fibrillar collagens, or they 
have defective regulation of collagen synthesis and 
deposition (22,23). Because of the importance of collagen V 
in EDS, it is predicted tbat mutations in CoI5a3, another 
gene whose expression is globally reduced (2-fold) in Nettl- 
deficient mice, will generate certain forms of EDS (22,24). 
Of the six distinct EDS clinical syndromes, EDS-type VI is 
an autosomal recessive form characterized by abnormal curva- 
ture of the spine, hypotonia, joint laxity and ocular fragility 
(22). Other genes expressed in the fetal body that are affected 
by Nelll (eg. Tnc, Tnx, Matn3, Chad, Twsfllb and Bmprla) 
are already known to be critical in the development of the 
vertebral column in human and/or mouse (25-27). 



Nelll mutant mice have reduced SSCM and decreased 
bone mineralization 

The gene expression profile resulting from the Nelll 6 * 
mutation is farther supported by standard histological analysis 
using haematoxylin and eosin, periodic Acid Schiff and 
Masson staining (Fig. 6). Nelll 6 * mutant mice display 
considerable reduction in the amount of extracellular material 
surrounding cells in the developing vertebral bone and inter- 
vertebral discs, compared with the wild-type controls 
(Fig. 6A-D), In addition, histology data suggested lesser 
degree of bone and cartilage development in mutant animals 
(Fig. 6C and D). Results from von Kossa staining of sagittal 
sections through the vertebral column and parietal bones 
(Fig. 6E-H) showed decreased bone mineralization in 
Nelll 6 *. The cranial and vertebral bones of mutant homozy- 
gotcs have a lesser number of mineralized areas and exhibit 
a highly irregular pattern when compared with wild-type 
specimens. The frontal bones display the same defects in 
bone mineralization as the parietal bones (data not shown). 



DISCUSSION 

We have characterized the phenotypic and molecular conse- 
quences of Nelll 6 *, an ENU-induced point mutation in the 
Nelll gene that converts a cysteine codon to a premature termin- 
ation codon, thereby truncating an 8 10 amino-acid polypeptide at 
residue no. 502. The severe reduction of Nell] transcripts in 
Nelll 6 * homozyotes (presumably because of nonsense-mediated 
decay) results in neonatal lethality, an enlarged skull with 
thinning at the calvarial bone edges, reduced intervertebral disc 
spaces, alteration in the vertebral column curvature, abnormal 
shape and size of the ribcage. The range of skeletal anomalies 
manifested by Nelll** mutants indicate that the Nelll gene 
plays a key role in both intramembranous and endochondral 
ossification during early mammalian development. 



The impact of the loss of Ndll function in the cranial 
phenotype and the characteristic gene expression profile in 
the fetal heads of Nelll 6 * mutant mice are consistent with 
the role of Nelll in osteoblast differentiation and the known 
mechanisms of suture development and closure. Developing 
sutures contain undifferentiated proliferating osteogenic stem 
cells, a proportion of which differentiate into osteoblasts at 
the edges of the calvarial bones. Mature osteoblasts secrete a 
collagen-proteoglycan matrix that binds calcium salts, 
mineralizes and generates new bone from the osteoid matrix. 
A delicate balance between stem-cell proliferation and 
differentiation into bone is required so that the stem-cell popu- 
lation is maintained until skull growth is complete (28). 
Signals from the dura mater directly underneath the skull 
maintain sutural patency by regulating cell proliferation and 
collagen production (29). CS involves excessive growth of 
the calvarial bones so mat two opposing growing bone 
fronts become very close or overlap and the subsequent 
fusion of juxtaposed bone fronts (12). Over-expression experi- 
ments (in vivo and in vitro) have clearly shown that Nelll 
promotes osteoblast differentiation at the growing calvarial 
bones (11-13). In contrast, downrcgulation of Nelll using in 
vitro approaches demonstrated decreased cell differentiation 
and predicted that reduced levels of Nelll protein will 
promote cell proliferation at the suture (12). The enlargement 
and immature bone development of the cranial vault and the 
decreased levels of ECM proteins secreted by mature 
osteoblasts in Nelll 6 * mice support these earlier observations. 

The processes that regulate the ossification and fusion of 
cranial sutures depend on specific ECM patterns. Mutation 
in genes that cause CS by over-stimulating osteoblast 
differentiation alter ECM turnover and can increase collagen, 
glycosaminoglycans and fibronectin in CS-derived fibroblasts 
(30). The decreased bone mineralization resulting from the 
loss-of-function of Nelll gene, is also consistent with 
reduced levels of ECM detected in these mutant mice. 

Although transgenic mice over-expressing Nelll confirmed 
its role in craniofacial development, the broader role of Nelll 
in skeletal development is revealed by die new loss-of-function 
allele, Nelll 6 *. In particular, the alteration of spinal curvature 
and reduction of intervertebral disc spaces in these mutants indi- 
cate involvement of Nelll in signal transduction in the develop- 
ing spine. The finding that Nelll directly or indirectly affects 
expression of at least eight genes (Tnxb, Tnc, Coll2al t 
Col6al, Matn3, Bmprla, Thbs3) that are necessary for the devel- 
opment of and/or are specific constituents of the intervertebral 
disc matrix (2531-35) provides additional support for a role 
for Nelll in early vertebral column development As the 
expression of EDS-associated genes, ftvcb, Col5al and 
Col5a3 are severely reduced by the Nelll 6 * mutation, the role 
of Nelll in the etiology of EDS (types VI , vn^b) or 
EDS-like disorders manifesting spinal curvature defects needs 
further investigation. Moreover, immunohistochemical studies 
of the proteins coded by the genes affected by the Nelll 6 * 
mutation (based on qRT-PCR assays), especially during key 
stages of bone and cartilage development in the wild-type and 
Nelll 6 * mutant mouse model, will further characterize the 
junctions of the Nelll gene during early skeletal development. 

Our discovery of the involvement of Nelll in the vertebral 
column development is consistent with the fact that FKOpi 
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Figure 6. Iiistopathology indicating loss of extracellular materia! and disrupted bone development in the Nell J 612 mutant vertebral column and calvarial bones. 

(A) The normal architecture of the cervical vertebral column in a wild-type mouse (sagittal section; Masson Stain) compared with the mutant Nell** homcsygote 

(B) , showing the deo'ease Of intervertebral disk matrix/space between the vertebral bodies farrows). Higher magnification view of sagittal sections of the ver- 
tebral bodies in wild-type (C) and mutant (D) animals (haematoxylin and eosin staining) indicating lesser amount of ECM and cellular development of chon- 
drocytes in the mutants. Von Kossa staining of sagittal sections through the vertebral columns of wild-type (E) and rmirmit El 8 fetuses (F) showing decreased 
bone mineralization in the vertebral bodies of Ne!U C!i homozygotes. The intensity and the distribution of stained areas (black spots') are lesser and exhibit an 
irregular pattern in the mutant fetuses. Von K.ossa analysis of sagittal sections through the parietal bones of wjid-type (Gj and mutant (H) fetuses also revealed 
decreased mineralization. In mutant parietal (H) and frontal bones (data not shown), the intensity of von Kossa staining is less and in contrast to the wild-lype 
hielll calvarial bones, have thinner and more 'patchy' pattern of minerali2ation. There arc larger and more frcqi\cnt gaps between mineralized rcaions, similar 
to the partem seen in liie vertebral bodies (F). 
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isozyme localizes in the vertebral bodies and intervertebral 
disc spaces of human fetuses during the 8th week of develop- 
ment, a critical developmental period when chondrogenetjc 
and osteogenetic processes are initiated in the vertebral 
column (36). PKC activity has also been observed in the 
fetal mouse vertebral column and is abundant in the more 
mature cells close to the ossification center and the interver- 
tebral disc spaces. Over-expression of the Nelll gene does 
not appear to disrupt vertebral development, but it is clearly 
altered by a reduction or malfunctioning of Nelll protein. 
Our data demonstrate that, in addition to its role in intramem- 
branous bone differentiation, Nelll has a critical function in 
endochondral ossification and normal chxondrogenesis in the 
spine. The high degree of conservation in structure and func- 
tion of the Nelll gene itself suggests that the spinal phenotype 
could also be a consequence of human NELL1 loss-of-function 
mutations. Therefore, we suggest that linkage studies and 
mutation scanning in families segregating both crania) 
defects and spinal anomalies should focus on the NELL1 
gene in chromosome 1 lpl5. 

MATERIALS AND METHODS 

Mouse breeding and maintenance 

All animals were bred at the Mammalian Genetics Research 
Facility at Oak Ridge National Laboratory (ORNL) (Oak 
Ridge, TN, USA) using protocols approved under the ORNL 
Institutional Animal Care and Use Committee. The identifi- 
cation and fine-structure mapping of the 17R6 locus in 
mouse Chr 7 are described elsewhere (16). The 102DSJ 
mutation was recovered in a manner similar to that described 
previously for the 88SJ Q7R6 2 *), 335SJ (17R6™) and 2038SJ 
Q7R6 3n ) alleles at the 17R6 locus (16). Mutagenizcd chromo- 
somes marked with the P-mutation were recovered in Gl 
females from ENU-treatcd 21 A GO males. The 102DSJ 
lethal mutation was recognized when Gl female no. 102 
failed to yield any pink-eyed-di lute G2 progeny when she 
was crossed to a + p7R fD*\{Hps5™ 7P f 6DFt0£) Gl male. Del- 
etion mapping also similar to that performed previously (16) 
revealed that the 102DSJ lethal mapped to the same deletion 
interval as did the previously ascertained 17R6 alleles (data 
not shown). Allclistn was confirmed (i.e. 102DSJ — 17R6 6R ) 
when no pink-eyed dilute progeny were found jn greater 
than 30 progeny of a cross of 88SJ (HpsS™* l7R6 }R p/ 
HpsS" 12 ^) and 102DSJ (+lQ2DSJP/++p 7R ) heterozygotes, 
when 25% were expected (P < 0.001). To generate fetuses 
hemizygous for 102DSJ progeny-tested males + P7R fl7R6 6 * 
were mated with ^ R IDt\{Hps5' u2p ) 4SDFtOD females. Mice 
homozygous for the 17R6 6 * mutation were obtained by breed- 
ing heterazygote carriers (17R6 6R PI+P 7R \ which generated 
pink-eyed homozygotes (17R6 6R P/17R6 6R P) and dark-eyed 
wild-type mice (+P 7R /+P 7R ). Matjngs were done for 1 h 
early in the morning, and females were examined for the 
presence of vaginal plugs (gestation day 0). Fetuses were 
collected at 15, 18 and 19 days of gestation. 

Body and head measurements 

Fetuses (El 8.5) were recovered by caesarean section from 
nine pregnant females and a total of 16 wild-type and 19 



homozygous 17R6 R mutant mice were measured for body 
length, head height, head length and head width. Measure- 
ments were obtained using a Fisher Scientific Digital 
Caliper. Statistically significant differences between mutant 
and wild-type fetuses were determined using a two-tailed 
T-test, not assuming equal variances and with a P-value 
cutoff of 0.005. 

Skeletal analysis 

Skeletal defects were evaluated using standard protocols for 
Alizarin Red-Alcian Blue staining of intact fetuses (37) 
and small animal microcomputerized tomography scanning 
(mjcroCat) (3S). Thirteen wild-type and 13 homozygous 
mutant fetuses were recovered by caesarean at El 8.5 days of 
gestation from seven pregnant females. Fetuses were briefly 
soaked in 70°C water and the skin and internal organs were 
removed. Specimens were fixed in 95% ethanol, stained in 
Alcian Blue for 1-2 days and rinsed in 95% ethanol. They 
were then cleared in 1% KOH (2-6 h% subsequently, stained 
for 3 h in Alizarin Red solution and cleared further by placing 
in 2% KOH overnight. Clearing was completed by processing 
through the following series of solutions of 2% KOH/glycerol: 
(80:20) 3 (60:40), (40:60) and (20:80) with storage mdennitely in 
the final solution. Three Nelll 611 mutant and three wild-type 
El 8,5 fetuses were analyzed using the small animal microCat 
system developed at Oak Ridge National Laboratory (38). 

Histology 

Histology was conducted on formalin-fixed, paraffin- 
embedded specimens of E18.5 fetuses (seven mutant and six 
wild-type specimens) recovered by caesarean section. 
Standard techniques were used for Haematoxylin and Eosin, 
Masson, periodic Acid Setoff (PAS) and von Kossa staining 
(39). Masson staining shows cytoplasm, keratin and muscle 
fibers as red, whereas collagens and mucus are stained 
blue. The PAS stains glycogen, mucopolysaccharides, 
glycoproteins and glycolrpids purple. The presence and 
distribution of bone mineralization was determined by von 
Kossa staining, which shows deposits of calcium or calcium 
salts as black, 

RNA analysis 

Total RNAs were extracted from fetuses and adult tissues 
using standard guanidine isothiocyanate procedures (40). 
Phase Lock Gels^ (Eppendorf) were used for subsequent 
phenol-chloroform purifications. RNAs were precipitated 
with isopropanoi and after centrifugation, pellets were 
re-suspended in miclease-free water. About 700 u.g to 1 mg 
total RNA per sample was used for purifying polyA + RNA 
using Mmi-Oligo(dt) Cellulose spin columns (5'-3' Inc.). 
One to two micrograms of polyA 4 " RNAs were used for north- 
ern blots using standard electrophoresis and blotting protocols 
(41). Blots were hybridized with the CTC55 + 59 probe, 
which was generated by RT-PCR using primers designed 
from mouse EST sequences matching the 5' and 3' ends of 
human NELL1 (1920 bp; ctc55-TGCAGCAGAAGCCGTCCA; 
ctc59-CAAACTAGGGCAAGCTAGAG). 
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DNA analysis and sequencing 

The Nell} 6R mutation was identified by sequencing genomic 
DNAs extracted from the clipped tails of mutant and wild-type 
mice. cDNA sequencing was performed on reverse transcribed 
PCR-ampIified segments. First-strand cDNA templates were 
generated from polyA + RNAs extracted from El 5 fetal 
heads using the RETROscript Kit (Ainbion). Two overlapping 
cDNA segments covering the entire coding region plus the 5' 
and 3 ; -untranslated region were generated using the following 
primer pairs: ctcl38/ctcl49 and ctcl50/ctc59. Ctcl38/ctcl49 
generates a 556 bp fragment corresponding to die 5' end of 
Nelll and was generated by standard PCR techniques. 
Ctcl50/ctc59 amplifies a 1465 bp segment spanning the 
middle to 3' end of the coding region and was generated 
by long-range PCR (Expand Long Template CR, Roche 
Diagnostic Group). The primer sequences are as follows: 
ctc59 :GAAACTAGGGC AAGCT AGAG; ctcl50:GCAGAGA 
CGAGACTTGGTCAACTGG; etc 1 38:CTGAAGCATTGGT 
TTCTTGC and etc 1 49:TCGACATGGAGTAGGAGGTGAG 
AGG. PCR products were sequenced using the primers that 
generated the products, and primers were designed using the 
acquired sequence data of preceding segments. Primers used 
for sequencing are available upon request. The mouse Nelll 
full-length cDNA sequence was submitted to GenBank as 
accession no. AY622226. 



Mutation scanning 

Twenty primer sets were designed to amplify each exon of 
Nelll from flanking intron sequences and two additional 
primer sets amplified conserved upstream elements. Each 
amplicon was amplified from genomic DNAs extracted from 
Nelll 611 hemizygous mutant mice, and the control strains 
(BJR and 21A). Corresponding PCR products were mixed in 
equal volumes, heteroduplexed and scanned for point 
mutations using TGCE (J 7). Three overlapping temperature 
gradients were used: 50-60°C, 55-62°C and 60-68°C. The 
421 bp amplicon containing the mutation in Hie 17R6 6 * 
allele was amplified by PCR using the following primer 
pairs designed from the intron sequences flanking the 131 bp 
exon 14 of Nelll; NeUExonl4(F): ATAGACCAGGGGCA 
GAAACC and NellExon 14R: TTGCCTCAACCTCAATATCC. 



High-throughput real-time qRT-PCR assays 

KNAs from the heads and bodies of four Nell 6R mutant and 
four wild-type El 8 fetuses were extracted individually (16 
RNA samples) according to the extraction method described 
earlier. DNasel -treated RNAs were ethanol precipitated and 
re-suspended in nuclease-free water. Total RNAs (2.5 fjig) 
were reverse transcribed to cDNA using the random-priming 
High-Capacity cDNA Archive Kit (Applied Biosystems). 

Multiplex pre-amplificaxion of cDNA targets. To enable 
maximum sensitivity and detection of hundreds of gene 
expression targets from a small amount of cDNA, a novel 
multiplex PCR pro-amplification strategy was used prior to 
conventional quantitative PCR, Two hundred and twenty-five 
(219 experimental and six endogenous control genes) Taqman 



Gene Expression Assays (PCR primcr/FAM-probe stock sol- 
utions) were pooled together and used in a single PCR to 
amplify all targets equally from the same cDNA template. 
The FAM-probe is a component of the final configuration of 
the manufactured TaqMan® gene expression assays and does 
not interfere with the pre-amplification process. To prepare 
the multiplex pre-amplification primer pool, equal volumes 
of the 225 TaqMan gene expression assays were mixed 
together, dried under vacuum and re-suspended with water 
to generate a multiplex-pooled primer set with a concentration 
of 1 80 nM for each primer. The prc-amplification reaction was 
set up as follows: a 250 uj volume of 500 ng of cDNA was 
combined with 250 jjd of the multiplex-pooled primers. 
Then ? 500 ui of 2X Multiplex pre-amplification Master Mix 
was added to generate the final 1000 uJ reaction volume 
(Applied Biosystems). The reaction mix was divided into 
50 u.1 aliquots in a 96-well PCR tray and cycled on an ABI 
9700 thermal cycler under the following conditions: 95°C 
for lOmin; then 10 cycles at 95°C for 15 s; and 60°C 
anneal/extension for 4 min. 



Real-time PCR reactions. Pre-amplification products were 
recombined into one tube and diluted 1:5 with water. Individ- 
ual singlcplex TaqMan® Gene Expression Assays for each of 
the 225 pre-amplified markers, along with 1SS rRMA (which 
was not included in the pre-ampliflcation reaction because of 
its high level of expression) were prepared as follows: 5.0 ul 
of 2X TaqMan® Universal PCR Master Mix, 0.5 ul of 
TaqMan® Gene Expression Assay 20X primer/FAM-probe 
solution and 2.0 jjd of water and 2.5 ul of pre-amplified 
cDNA product For all samples, each assay was carried out 
in quadruplicate wells of 384-well plates and run in the ABI 
PRISM® 7900HT Sequence Detection System under two- 
temperature cycling: 95°C for 10 min, then 40 cycles of 
95°C for 15 sec and 60°C for 1 min. C T (threshold cycle) 
values, the cycle number at which the PCR amplification 
fluorescence signal crosses a fluorescence threshold, were gen- 
erated using the FAM dye layer setting at a threshold of 0.2 
and a baseline of 3-13. 



Data analysis. The relative levels of transcripts for each gene 
in wild-type and mutant samples were compared following 
normalization to endogenous control targets. GeNORM soft- 
ware (42) was used to select the two best targets with the 
least variation across samples from a collection of six potential 
endogenous controls (Hprt, Tfrc, Tbp, Gus, gkl and 18s 
rRNA). Gus and Hprt were selected for heads, whereas Gus 
and gkl were selected for bodies. The geometric mean of 
the selected targets was then used as the reference for 
determining AC T values. For each sample, ACj« values were 
determined by the following equation: AC TMarker = 
C T Maitor - C T Referee. Statistically significant differences 
between ACr values of wild-type and mutant groups were 
determined by a two-tailed /-test without assuming equal 
variances and with a P-value cutoff of 0.005. AACys were 
also calculated between wild-type and mutant groups based 
upon average AC T values for each group, and relative fold 
differences between them were determined by 2 a ~* Ct (43). 
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SUPPLEMENTARY MATERIAL 

Supplementary Material is available at HMG Online. 
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